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Detailed geochemistry of granites assigned to the ‘Hiltaba Suite’ in the Tarcoola region,
central South Australia, suggest the existence of two supersuites, which is expaned to four
once granites from the rest of the craton are considered. The term Hiltaba Association
Granites (HAG) is introduced as the parental unit of the Jenners, Malbooma, Venus and
Roxby Supersuites. The criteria for subdividing the HAG are found to be applicable to the
felsic parts of the comagmatic Gawler Range Volcanics (GRV). The HAG and GRV are
grouped as the Gawler Ranges–Hiltaba Volcano–Plutonic (GRHVP) Association.
The GRHVP comprises mafic rocks (e.g. basalts, diorites), that are are the same age as, but do
not form a compositional continuum with, intermediate to felsic granites and volcanics. In
this sense, the GRHVP is bimodal. The felsic components generally have high K, HFSE, LIL,
are fractionated and evolved, have moderate to high Fe/Mg, are slightly alkaline, and
metaluminous to slightly peraluminous. The oxidation state is difficult to quantify, but most
granites and volcanics are more oxidised than the FMQ buffer, although some units are
estimated to be slightly below this. All units are considered to be high-temperature, with
zircon saturation temperatures generally >800°C, with other estimates for some units
>1000°C. Textural evidence, such as miarolitic cavities and graphic textures, are consistent
with a high level of emplacement for the granites, some of which intrude units of the GRV.
In the Tarcoola region, granites of the HAG are subdivided according to their degree of
fractionation and evolution: the Malbooma Supersuite is more strongly evolved and
fractionated than the Jenners Supersuite. Both Supersuites are I-type, and major and trace
element modelling is consistent with derivation from a granodiorite composition by fractional
crystallisation. Five Hiltaba Association granites in the Tarcoola region were dated by
SHRIMP zircon U-Pb. Two possible ages of intrusion may be interpreted at ~1590 Ma and
~1575 Ma, however the ages are nearly within error of each other. These ages do not correlate
to the Jenners–Malbooma Supersuite division. The Pegler and Ambrosia Granites (Jenners
Supersuite), and are dated at 1591.7 ± 5.8 and 1575.4 ± 7.8 Ma, respectively. The Big Tank,
Kychering and Partridge Granites (Malbooma Supersuite), and are dated at 1589.9 ± 7.4,
1574.7 ± 4.3 and 1577 ± 8.5 Ma, respectively.
Examination of geochemical data from other studies on the GRHVP in other parts of the
Gawler Craton show two more supersuites, the Roxby and Venus Supersuites. Both fit the
criteria of A-type granites and volcanics, and compared to the two I-type suites, have higher
HFSE, F, and zircon saturation temperatures. Rapakivi textures are noted in granites assigned
to the Roxby Supersuite. A Nd-isotope array suggests that the felsic parts of the GRHVP
formed by mixing between (evolved) mantle and crustal material.
The Lady Jane Diorite intrudes the Tarcoola Goldfield as narrow dykes. It is mostly medium-
grained, slightly hornblende- or pyroxene-phenocrystic, amygdular, and high-K. It has
  of +0.2, and has high LIL and Pb compared to asthenospheric basalts (OIB,
MORB). This unit, and other basalts of the GRHVP, are interpreted to represent mixing
between evolved lithospheric and primitive asthenospheric mantle melts. An emplacement
age equivalent to the GRHVP at 1580 Ma is interpreted from 	Ar/
Ar dating of hornblende.
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An atlas of geochemistry, geochronology, zircon saturation temperature, and neodymium
isotope composition was created, and this shows some correlations between the four
supersuites and the two defined mineral provinces with the Gawler Craton. For example, the
Roxby Supersuite is associated nearly exclusive with iron-oxide copper-gold (IOCG)
mineralisation in the Olympic Cu-Au Province in the eastern part of the Craton. The I-type
Jenners and Malbooma Supersuites are mostly restricted to the Central Gawler Gold Province
(CGGP), which hosts gold-dominated mineralisation.
The Paxton Granite at the Tarcoola Goldfield was dated and found to be older than the
Hiltaba ‘Suite’. It was intruded at ~1720 Ma, then uplifted and eroded with the middle parts
of the Tarcoola Formation being deposited at 1656 ± 7 Ma in an ensialic basin directly onto
the granite. Immature pebbly conglomerate of the basal Peela Conglomerate Member
contains zircons with SHRIMP U-Pb ages of 1732.8 ± 5.1 Ma and 1714.6 ± 7.9 Ma,
suggesting derivation from the Paxton Granite and local equivalents.
Mineralisation at the Tarcoola Goldfield is quartz-vein hosted, and comprises Au±Pb-Zn.
The veins are structurally-controlled; with the exception of carbonaceous black shale, there is
little evidence of wallrock control on ore grades. 	Ar/
Ar geochronology and field
relationships show that brittle veining, mineralisation, alteration and intrusion of the Lady
Jane Diorite, occurred synchronously at ~1580 Ma.
Two dominant types of fluid inclusions are found at the Perseverance deposit, Tarcoola
Goldfield. Two-phase (l + v) aqueous and three-phase (l + l + v) carbonic inclusions
both have low salinity (mostly 0 to 5 wt% NaCl) and moderate temperatures of total
homogenisation (140–340°C). Methane is a minor (<3 mol%) component in some of the
carbonic inclusions. High densities of trapping are indicated by the three phase carbonic
inclusions. The two-phase aqueous inclusions are found within the same growth zone of
quartz as the three-phase carbonic inclusions, but no definitive evidence for either fluid
mixing or phase separation was found.
A Pb-Pb isotope study at the Tarcoola Goldfield is consistent with sourcing of Pb from the
Paxton Granite, but does not exclude a mixed source. Nd isotopes of samples of unaltered
granite and diorite, variably altered granite and diorite, and extremely altered and variably
mineralised granite, show a loss of Nd and a shift in   towards less negative values during
mineralisation. The shift in   may be due to an input from the relatively primitive Lady Jane
Diorite.
The Tarcoola Goldfield, and other prospects of the CGGP, are coeval with the GRHVP, and
show similarities to orogenic gold, intrusion related gold (IRG), and lamprophyre gold
models. The key point of difference between the models is whether the associated intrusives
had a material input into mineralisation. This has not been satisfactorily demonstrated at any
of these deposits. The recognition of the four supersuites of the GRHVP demonstrates that
there were differences in source, melting and/or emplacement conditions, and it is suggested
that the different styles of mineralisation found associated with the HAG in the CGGP and
Olympic Cu-Au Province are another reflection of varying litho-tectonothermal conditions.
The HAG may be used as a broad-scale proxy for mineralisation, while detailed structural
interpretation around the granites may be useful for smaller scale exploration targetting.
Comparison of both the granites and associated mineralisation to other better understood
areas suggests a position inboard of a subduction zone (hot continental back-arc), rather than
anorogenic setting as previously proposed for the GRHVP. The Gawler Craton may have
been part of an extensive Proterozoic supercontinent (Rodinia) that joined Laurentia, Baltica,
and Australia.
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1.1 INTRODUCTION & BACKGROUND
The Gawler Range-Hiltaba Volcano-Plutonic (GRHVP: Johnson & Cross 1995) event has
been thought to be associated with both IOGC mineralisation and gold-dominated minerali-
sation (Drexel et al. 1993, Budd et al. 1998, Budd 2002). This study was instigated to investigate
the relationship between Hiltaba Association Granites (HAG) and gold mineralisation at the
Tarcoola Goldfield, and to compare the HAG as it occurs in Tarcoola region of the Central
Gawler Gold Province (CGGP) against its occurrence in the Olympic Cu-Au Domain
(OCGD). An aim of the study was to test the idea that differences in the Hiltaba Association
Granites between these two provinces may be significant to the different types of mineralisa-
tion found in these two provinces. During the lifetime of this study, this theme has gained
widespread acceptance with the recognition of the CGGP (e.g. Drown 2002, Ferris &
Schwarz 2003) as a separate province from the OCGD (e.g. Skirrow et al. 2002).
Based on the conclusion of Daly et al. (1990) that mineralisation at the Tarcoola Goldfield was
related to Hiltaba Association Granites, it was decided to concurrently study the HAG of the
Tarcoola region, and gold-dominated mineralisation at the Tarcoola Goldfield. The detailed
study of the granites in the Tarcoola region was aimed at building a template for the identifica-
tion of prospective plutons based on criteria similar to Wyborn et al. (1994) and Budd et al.
(2001b), and to provide a database for comparison of those HAG granites in a province of the
CGGP against those in the OCGD. This comparison, which was extended to all of the
GRHVP, shows the presence of at least four supersuites. The Tarcoola Goldfield study con-
firms an age coeval with the GRHVP, but could not determine whether the mineralisation
was better classified by an orogenic gold or intrusion–related gold model of origin.
The work and new data completed for this study are listed below (Section 1.6), following
descriptions of the geology of the Gawler Craton and Tarcoola region, and an introduction to
the mineralisation associated with the GRHVP.
1.2 AIMS
The principal aim of this thesis was to investigate whether differences within the HAG may
explain the occurrence of two styles of mineralisation associated with the HAG. Budd et al.
(1998) suggested that the HAG may be subdivided into the 'Roxby Downs' type, and the
'Kokatha' type. The Roxby Downs type is slightly more oxidised and more strongly fraction-
ated than the Kokatha type. The Roxby Downs type was suggested to be associated with iron-
oxide copper gold (IOCG) mineralisation such as at Olympic Dam, while the Kokatha type
was suggested to be associated with gold-–dominated mineralisation such as at Tarcoola. The
Olympic Dam deposit had been previously studied (Johnson & Cross 1995, Johnson &
McCulloch 1995), as had the granites around that deposit (Creaser 1995, 1996). Therefore, the
decision was made to investigate the gold-granite association, and the Tarcoola Goldfield and
region was selected as a test bed.
   
Chapter 1: Introduction, Regional Geology, the Link
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The study therefore has two aspects of investigation. A detailed study of the Hiltaba
Association Granites in the Tarcoola region was undertaken, to address the following
questions:
1. How heterogeneous or homogeneous is the HAG? How much variation is there
between plutons, and at what scale can they be grouped?
2. If these granites do have a role in Au mineralisation, how are they different from
those around Olympic Dam?
3. Can a particular type of granite be identified as having higher Au mineralising
potential than others?
4. Are the various style of mineralisation (i.e. IOGC, gold-only, Pb-Zn) related to
differences in the granites, or are both reflections of broader processes?
A study of the Perseverance deposit at the Tarcoola Goldfield was undertaken concurrently
to the granite study, to address the following issues:
1. What was the age of mineralisation?
2. What were the conditions of formation of mineralisation?
3. What were the possible sources of fluids and metals?
4. Was there an involvement by magmas of the GRHVP in mineralisation, and if so,
what?
As a result of some of the analyses, some of the original questions were modified. One of the
best examples of this was the recognition that the granites that host part of the mineralisation
at Perseverance were not part of the HAG. Other instances are discussed in each of the fol-
lowing chapters, and the aims of each part of work are discussed in each chapter. Despite
some of the adjustments made during the course of the study, the principal aim remained
unchanged, and the implications of the results of this study are discussed in Part IV.
1.3 ORGANISATION OF THESIS
This study has two distinct parts: an examination of the Hiltaba Association Granites, most
particularly those occurring in the Tarcoola region, and the Paxton Granite at the Tarcoola
Goldfield, as well various other granites of the Gawler Craton; and an investigation into the
origin of the Tarcoola Goldfield. These are reported in Parts II and III, respectively. These
disparate investigations are synthesised in Part IV.
Part II reports on investigations into several aspects of granites of the Gawler Craton, follow-
ing a general pattern of small-scale to large-scale. An initial aim of the study was to compare
granites of the HAG associated with IOCG mineralisation against those associated with gold-
dominant mineralisation (see above). During the course of the study, it was realised that the
granites at Tarcoola were not part of the HAG: the Paxton Granite was therefore defined, and
its character and origin are discussed in Chapter 2.  Ar/Ar dating showed that intermediate
dykes, rather than felsic granites, were the same age as mineralisation at Tarcoola (i.e. ~1580
Ma), therefore the Lady Jane Diorite was defined as part of the GRHVP, and its character and
origin are discussed in Chapter 3. A detailed granite sampling program was conducted in the
Tarcoola region. Geochemistry shows little difference between the Paxton Granite and gran-
ites subsequently dated as part of the GRHVP. Therefore, Chapter 4 reports on SHRIMP U-
Pb geochronology of five of these plutons, and Chapter 5 describes a geochemical compari-
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son between the Paxton Granite and those identified as HAG. This step enabled non-Hiltaba
Association granites in the Tarcoola region to be identified. Chapter 6 then describes the sam-
pled granites in detail, and shows that several groups can be defined, thereby subdividing the
HAG in this region. In Chapter 7, variations in the chemistry of the HAG across the Gawler
Craton are investigated, and an atlas showing these and other variations was created. In Chap-
ter 8, the HAG is compared to granites of other ages in the Gawler Craton. Geochemical
modelling of the Pegler and Kychering Granites of the HAG is presented in Chapter 9, and
then the granite study is synthesised, including discussing possible origins of the GRHVP.
Part III reports on investigations into the nature and origin of the Tarcoola Goldfield. Chap-
ter 10 introduces this part of the study, while Chapter 11 describes the geology and structure
of the Goldfield, including a description of the Tarcoola Formation, and constraints on its age
and setting. Mineralisation does not outcrop in the Goldfield, and underground workings are
inaccessible, therefore most of the rest of the study is focussed on the Perseverance deposit in
particular where diamond drill core was available. The styles of mineralisation seen are
described in Chapter 12. The dominant monzogranite phase of the Paxton Granite was found
to be chemical and mineralogically quite homogeneous throughout the deposit, therefore it
was used to study the effect of alteration, observed by thin section mineralogy and whole-rock
geochemistry (Chapters 12 and 13). One of the principal aims of this study was to determine
the age of gold mineralisation, and hence a  Ar/Ar study was conducted (Chapter 15).
However, prior to this study, a zircon SHRIMP U-Pb age of ~1580 Ma was reported by Fan-
ning (1997). There is some confusion about the interpretation of this age, and a LA-ICPMS
study on these and other HAG zircons was completed in order to attempt to resolve the ori-
gin of that zircon. This work is reported in Chapter 14, in order to provide a thermal context
for the  Ar/Ar dating. Fluid inclusion microthermometry is reported in Chapter 16, and
Pb-Pb and Sm-Nd isotopes in Chapter 17.
Part IV is a synthesis. In particular, the role of the HAG in mineralisation is discussed. Miner-
alisation at the Tarcoola Goldfield occurred contemporaneously with the GRHVP, and Nd
isotope evidence suggests that mafic magmas may have had an input into mineralisation. The
applicability of mesothermal lode gold, intrusion-related gold (IRG) and the lamprophyric
gold association models is discussed, and an exploration model for the CGGP proposed. The
metallogenic implications of the subdivision of the HAG are discussed, including as a possi-
ble explanation for the different mineralisation of the CGGP and OCGP. The implications of
this subdivision on tectonic interpretations is also discussed.
1.3.1 Sample numbering system
The sample numbering convention of Geoscience Australia (GA) is used here, however an
abbreviated number is used for samples collected by the author. The full GA sample number
comprises: (YYYY)(Project)(Originator)(Sample), where YYYY = four-digit year, Project =
two-digit project identifier, Originator = single-digit identifier of project geologist, Sample =
three-digit±alphabetical suffix sample number. The abbreviation used here comprises
(YY)(Sample). An example of a full GA sample number is 2000363003B. As all samples col-
lected by the author have the same (Project) and (Originator), these have been left out, as have
the two middle numbers of the (YYYY) code. Therefore, the above example abbreviated is
2003B. As another example, sample 2001363049B is abbreviated to 2149B. The catalogue of
samples collected by this project (Appendix I) includes both full and abbreviated sample
numbers, but only the abbreviated sample number is used in the text, tables and captions of
this thesis.
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1.4 REGIONAL GEOLOGY
Extensive summaries of the geology of the Precambrian of South Australia are available in
Drexel et al. (1993), and Daly et al. (1998). Ferris et al. (2002) report on new speculations on the
tectonic development of the Gawler Craton. Figure 1.1 shows the subsurface geology of the
Gawler Craton as interpreted by Ferris et al. (2002). The understanding of the lithotectonic
development of the Craton continues to change, in part because poor exposure of basement
outcrop presents a major impediment to research and exploration in the Gawler Craton.
Figure 1.2 is a representation of the Precambrian units of the Gawler Craton. The Gawler
Craton is defined as the region of Archaean to Mesoproterozoic crystalline basement that has
undergone no substantial deformation since about 1450 Ma (Daly et al. 1998). The northwest,
northeast and western boundaries correspond to faulted margins of thick Neoproterozoic
and Phanerozoic sedimentary basins. The east and southeast boundaries are defined by the
Torrens Hinge Zone, which is the western limit of the Adelaide Fold Belt (the Adelaide Geo-
syncline contains reworked Gawler Craton crystalline basement). The southern boundary is
taken as the edge of the continental shelf (Daly et al. 1998), although there is considerable evi-
dence that the Gawler Craton was part of the East Antarctic Shield during the Archaean and
Proterozoic (Mawson Continent of Fanning et al. 1996, Fanning 1997, Giles et al. 2004).
The Gawler Craton (Figure 1.3) is subdivided into a number of discrete tectonic domains
based on structural, metamorphic and stratigraphic character (Drexel et al. 1993, Stewart &
Foden 2001, Ferris et al. 2002). These include the Christie, Harris Greenstone and Coulta
Domains which contain most of the exposed Archaean rocks; the Fowler Domain which is a
part of the Christie Domain deformed during the Palaeoproterozoic; the Cleve Domain
which is a Palaeoproterozoic fold belt on the eastern Eyre Peninsula; the Olympic and
Spencer Domains which, although considered an extension of the Cleve Domain, include
stratigraphically younger rocks; the Mesoproterozoic Gawler Ranges Volcanic Province; and
the Wilgena, Nuyts and Nawa Domains of mixed or complex character.
The Christie and Coulta Domains are composed predominantly of Archaean or earliest
Palaeoproterozoic rocks representing the original protolith on which subsequent tectonic
units were superimposed (Parker et al. 1993). Both were deformed to some extent during later
Palaeoproterozoic events, and neither contains substantial components of younger Protero-
zoic metasediments, volcanics or intrusives.
At ~2000 Ma, along what is now its eastern margin, the Gawler Craton underwent substantial
extension to form a major elongate basin into which a ~1950–1860 Ma mixed shallow-water
clastic and chemical metasedimentary succession (including iron formation, and carbonates)
was deposited (Hutchison Group, Parker et al. 1993, Daly et al. 1998). Subsequent deforma-
tion of this basin during the Neill Event (~1850 Ma, Ferris et al. 2002) and Kimban Orogeny
(1730–1700 Ma, Ferris et al. 2002), accompanied by intrusion of large volumes of granite, led
to the formation of a broad fold belt or orogen known as the Cleve Domain. The Cleve and
Coulta Domains are separated by a major northeast trending shear zone. The Spencer
Domain is approximately parallel to and east of the Cleve Domain, and consists of pre-
Kimban Orogeny silicic volcanics, chemical and clastic metasediments (Hutchison Group),
and the 1850 Ma Donington Granitoid Suite (Ferris et al. 2002). It is separated from the Cleve
Domain by the Kalinjala Mylonite zone (Ferris et al. 2002). The Olympic Domain occurs east-
wards of the Spencer Domain, and is similar to it but shows characteristic iron oxide altera-
tion (Ferris et al. 2002).
The Fowler Domain in the western part of the Gawler Craton contains voluminous Protero-
zoic mafic to felsic intrusives, and paragneisses. This Domain shows significant transpressive
strike-slip displacement, markedly discordant to the bounding Nawa and Nuyts Domains
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Figure 1.1 Gawler Craton solid geology interpretation of Ferris et al. (2002)
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Figure 1.2 Nomenclature and correlation of Precambrian units of the Gawler Craton (Daly et al. 1998).
Note that Ferris et al. (2002) have divided the Kimban Orogeny into the Neill Event at ~1850 Ma, and the
Kimban Orogeny at ~1730–1700 Ma.
(Ferris et al. 2002). The Harris Greenstone Domain comprises supercrustal Archaean komati-
itic ultramafic and mafic volcanics and Archaean aluminous metasediments, felsic extrusives
and intrusives(Ferris et al. 2002, Hoatson et al. 2005). The Stuart Shelf is not strictly a tectonic
unit of the Gawler Craton, but defines the region of Neoproterozoic to Cambrian platformal
sedimentation developed upon the existing craton (i.e., underlain by Gawler Craton including
GRV and Hiltaba granites; Parker et al. 1993).
Unlike older domains of the Gawler Craton, the Gawler Ranges Volcanic Province is rela-
tively undeformed and more irregular in its distribution. It overlies and intrudes the older
Cleve and Coulta Domains. The Province is composed of the Gawler Range Volcanics
(GRV) and small areas of remnant contemporaneous metasediments (such as the Corunna
Conglomerate), and the HAG (Parker et al. 1993).
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Figure 1.3 Domains of the Gawler Craton (Ferris et al 2002).
Five major episodes of granite emplacement occurred during the Palaeoproterozoic in the
Gawler Craton (Figures 1.2 & 1.5). The Donington Granitoid Suite was intruded during the
Neill Event at 1850 Ma. A range of granites were intruded during the period ~1760–1700 Ma
throughout the Craton, including during the Kimban Orogeny between ~1730–1700 Ma
(Ferris et al. 2002). The Tunkillia Suite occurs around the northern and eastern margins of the
Nuyts Domain (Figure 1.1), and was intruded at ~1680 Ma (Ferris et al. 2002). Other granites
which were intruded at this time include the Symons Suite, the Wynbring Granite, and the
Ifould Complex (Figure 1.4). The Nuyts Volcanics and St Peter Suite are restricted to the
Nuyts Domain at ~1630–1610 Ma, but their full extent is not known because of the scarcity
of outcrop in that area.
The GRHVP event between 1595–1575 Ma is probably the most voluminous felsic magmatic
complex in the Australian Proterozoic. Granites of the Hiltaba Association occur throughout
the Gawler Craton, and possibly in the Peake and Denison Inliers, the Curnamona Craton,
and the Mount Painter Inlier. They range in composition from quartz monzonites through to
two-mica granite. The granites are comagmatic with mafic and felsic magmas of the Gawler
Range Volcanics.
Minor but locally important magmatism also occurred at ~2000 Ma, ~1800 Ma, 1740 Ma,
1700 Ma, ~1625 Ma, 1560 Ma, and ~1510 Ma (Figure 1.2).
1.4.1 The Wilgena Domain
Lithotectonic units of interest in the Tarcoola region include the Mulgathing Complex, Wil-
gena Hill Jaspilite, Glenloth Granite, Lake Harris greenstones, Symons Suite granites,
Muckanippie Anorthosite Suite, and the Eba, Labyrinth and Tarcoola Formations, as well as
units of the GRHVP. The Wilgena Domain (see Figure 1.3) was subdivided by Ferris et al.
(2002), with the Harris Greenstone Domain being separated. This division has not been fol-
lowed here (Figure 1.4).
Archaean metasediments of the Mulgathing Complex were derived, at least in part, from an
existing continental basement, and include banded iron formation, chert, carbonate, calc-
silicate, quartzite and aluminous sediments (Daly et al. 1998). Komatiite and tholeiitic basalt
flows (Lake Harris greenstones, Hoatson et al. 2005), and pyroxenite and peridotite sills are
inferred to be contemporaneous with sedimentation. These metabasic and ultramafic rocks
are inferred to represent regional attenuation of the Archaean crust and may indicate the pres-
ence of oceanic crust during sedimentation. Granulite-facies metamorphism occurred during
the Sleafordian Orogeny and associated extensive syntectonic granites (including the Glen-
loth Granite), tonalites and norite have been dated at ~2450 Ma (Fanning 1997).
The Wilgena Hill Jaspilite is a distinctive unit of finely red-black banded jaspilitic banded iron
formation (Daly et al. 1998). It is >700 m thick, was deposited under stable conditions, and is
overlain by the 1723 ± 10 Ma Labyrinth Formation. The Eba Formation comprises 500 m of
clean thick-bedded white quartzite, 500 m of less well sorted quartzite, and 220 m of
micaceous siltstone, shale, sandstone and quartzite, deposited in a high to moderate-energy
fluvial or shallow marine environment (Daly et al. 1998). The Labyrinth Formation comprises
basal finely laminated chert (after carbonate) with well preserved stromatolites, overlain by
pebbly sandstone to boulder-conglomerate (Daly et al. 1998). Poor strike continuity and poor
sorting indicate rapid deposition from local sources. Sericitic sandstones show well-
developed planar or crenulated cleavages. A thin interbedded rhyolite has a SHRIMP U-Pb
zircon age of 1723 ± 10 Ma (Fanning 1997), which is indistinguishable in age from the Paxton
Granite (this study).
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Figure 1.4 Time-space plot for the northwestern Gawler Craton.   Fanning 1997;   Budd & Fraser
2004;   Budd this study;   Fraser et al. 2002;   Ferris 2001;   Fanning 1987;  	 Cooper et al. 1985;
 
 Rankin et al. 1990;   Flint et al. 1990;   Teasdale 1997;   Daly et al. 1998;   Creaser & Coo-
per 1993;   Budd & Holm this study.
The Muckanippie Anorthosite Suite occurs in two locations: within the Lake Harris green-
stone belt (Fairclough et al. 2003); and ~55 km north of Tarcoola (Daly 1985). The age of this
Suite is unknown, but is speculated to be either part of the 1690–1660 Ifould Suite (Teasdale
1997, Direen et al. 2005), the ~1630 Ma St Peter Suite (Hoatson et al. 2002), or the GRHVP
(Stewart & Foden 2001). In this study, six samples were collected from the northern outcrop
area, and comprised diorite, gabbro, anorthosite and troctolite lithologies (Section 6.26).
Troctolites are host to major Ni-Cu-Co mineralisation in the Voisey's Bay deposit in Labra-
dor, Canada (Ryan 2000).
Prior to this study, granite hosting mineralisation in the Tarcoola Goldfield was thought to be
part of the HAG (Daly et al. 1990). SHRIMP zircon U-Pb dating has shown that this granite
was emplaced during the Kimban Orogeny at ~1720 Ma, and it has been defined as the Pax-
ton Granite (new name; defined in Budd & Fraser 2004). This is the first recognition of intru-
sives assigned to the Kimban Orogeny in the central-northern part of the Gawler Craton.
The Tarcoola Formation is a >2000 m thick fluvial to marine sequence deposited in alluvial
fans within an elongate east-west trending graben or half graben, the active faults of which
were likely conduits for contemporaneous volcanism (Daly 1993a, Daly et al. 1998). The
southern margin of the basin is a fault parallel to regional isoclinal axial plane orientations
within the adjacent Mulgathing Complex (Daly et al. 1998). The Formation is subdivided into
the basal Peela Conglomerate, middle Fabian Quartzite, and upper Sullivan Shale Members
(Daly 1993a). Water lain tuffs of the Sullivan Shale Member give an age of 1656 ± 7 Ma (Fan-
ning 1990). The Tarcoola Formation is very similar in age to the Urquart Shale in the Mount
Isa Inlier (Page et al. 2000), and also has a very similar sulfur isotope signature (Hayes et al.
1992), and may be a target for sediment-hosted base metals. The Tarcoola Formation is dis-
cussed in detail in Chapter 11.
Zircons separated from the basal conglomerate within ~2 m of the Peela Conglomerate
Member–Paxton Granite non-conformable contact were dated by the SHRIMP U-Pb
method, yielding two populations of 1732.8 ± 5.1 Ma and 1714.6 ± 7.9 Ma (Section 11.3.2).
These ages are within error of the age of the Paxton Granite, and the dated rhyolite layer in the
Labyrinth Formation (above). This dating shows that intrusive and extrusive magmatism at
~1720 Ma in the Wilgena Domain was accompanied by shallow basin formation of the Laby-
rinth Formation. Uplift and erosion resulted in exposure of the Paxton Granite, and then
basin formation again occurred by ~1660 Ma with infilling by the Tarcoola Formation.
The Tarcoola Formation was folded (post Kimban Orogeny) about predominantly east-west
trending upright axes (parallel to the faulted southern margin), with axial plane cleavage well
developed locally (Daly et al. 1998).
The Hiltaba Association Granites and Gawler Range Volcanics outcrop relatively well in the
Wilgena Domain. SHRIMP zircon U-Pb dating (this study) gives two ages of intrusion, at
~1590 Ma and ~1575 Ma. However, individual ages within the two groups are just within
error of each other, and there is no discernable consistent chemical difference between intru-
sives of the two age groups. The Lady Jane Diorite is defined in this study (Budd & Fraser
2004), and intrudes the Paxton Granite and Tarcoola Formation.  Ar/Ar dating of horn-
blende from a diorite dyke is approximately the same age (1582 ± 5 Ma) as four samples of
sericite from hydrothermally altered Paxton Granite (~1580 Ma: Chapter 15). This work
shows that veining, mineralisation, alteration and intrusion of the Lady Jane Diorite occurred
at the same time, and are contemporaneous with the GRHVP. This is the first reliable dating
of mineralisation in the CGGP (Budd & Fraser 2004). Further  Ar/Ar dating of sericites at
Tunkillia, Barns and Weednanna give ages of ~1580 Ma (Fraser et al. in prep.)
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1.5 PALAEO-MESOPROTEROZOIC GRANITES OF THE GAWLER
CRATON
One of the original aims of this study was to investigate the possible role of the HAG in the
formation of Au mineralisation at Tarcoola, and to see whether the HAG in the central part of
the Craton might be different from those in the eastern part of the Craton where they are
associated with Cu-Au mineralisation (Budd 2002). This followed on from work that sug-
gested that the HAG (and comagmatic GRV) is divisible (Budd et al. 1998, Budd et al. 2001),
and that the two-fold subdivision perhaps related to the differences seen in mineralisation.
In concert with the study on the origins of the Tarcoola Goldfield (Part III), a sampling pro-
gram of the granites in the Tarcoola region was carried out. The aim of this detailed study was
to examine the behaviour of individual plutons, including the Paxton Granite which is host to
the gold mineralisation in the Perseverance deposit, to determine if there were mappable cri-
teria that could be used to differentiate plutons of different mineralising potential. Figure 6.1
shows the distribution of sample sites and interpreted pluton boundaries.
In general the results from this study found that felsic granites of three distinct ages are pres-
ent in the Tarcoola region, but that there is more difference between plutons caused by frac-
tionation than there is between the different aged suites. Geochronology is therefore of prime
importance in distinguishing the different granite suites, and eight new SHRIMP zircon dates
on granites were conducted as part of this study.
This dating, along with earlier data, showed that the Paxton Granite which is host to minerali-
sation at the Tarcoola Goldfield is dated at ~1720 Ma, and importantly is not part of the
HAG. This is followed in time by the Symons Suite at ~1680 Ma. The HAG in the Tarcoola
region was intruded between ~1590 Ma and ~1575 Ma, possibly as two pulses. The SHRIMP
dating carried out as part of this study is reported in Chapter 4.
Chapter 5 compares the geochemical characteristics of the dated plutons discussed in Chapter
4. Very little difference was found between the Paxton Granite and five Hiltaba Association
plutons. Chapter 6 describes all of the plutons in the Tarcoola region sampled in this study,
and groups the undated plutons according to geochemistry. Two supersuites were identified.
Two geochemical comparisons were conducted in Chapter 7. Firstly, the chemistry of reliably
dated plutons of the HAG from different Domains of the Gawler Craton was examined, the
aim being to examine the previously stated possibility of a difference either in granites or their
sources between the Central Gawler Gold Province and the Olympic Cu-Au Province.
Another comparison was done for all units of the GRHVP, using a template of key criteria
identified in the first comparison. It was found that the GRHVP can be divided into four
supersuites, two with A-type, and two with I-type, characteristics.
The chemistry for reliably dated plutons from various areas of the Gawler Craton is compared
against the HAG in Chapter 8. This proved to be a difficult excercise because of a lack of
detailed data, especially geochronology.
Chapter 9, the last of Part III, is a discussion on the petrogenesis of the HAG, and includes
major and trace element modelling on the Pegler and Kychering Granites of the Wilgena
Domain.
1.5.1 Summary of intrusive activity
Igneous activity during the Palaeo- to Mesoproterozoic in the Gawler Craton started at the
end of the Archaean with the emplacement of the Glenloth Granite possibly as part of the
development of the Harris Greenstone Belt (Fanning 1997).
   
  	
       	

There is then a ~500 My time gap before intrusion of the Miltalie, Minbrie & Glengarry gran-
ite suites (Figure 1.5) at around ~2000 Ma. As currently known, this was a small event. The
Donington Suite was emplaced at ~1850 Ma during the Neill Orogeny of Ferris et al. (2002),
and is probably the equivalent of the Barramundi event in the northern Australian Protero-
zoic cratons (e.g. Wyborn, Page & Parker 1987, Wyborn 1988). Jagodzinski (2005) dated gran-
ites from the Stuart Shelf that are grouped into the Donington Suite, prior to this it was
thought they were restricted to the southern Eyre Peninsula.
During the period 1730–1670 Ma, a series of granite suites were emplaced (Figure 1.5 &
Appendix III) throughout the craton. This period is part of that which used to be refered to as
the Kimban Orogeny, and the granites as the Lincoln Complex (Parker 1993). Ferris et al.
(2002) redefined the Kimban Orogeny, restricting it to the time period ~1730–1700 Ma, in
the southern Eyre Peninsular. The Middle Camp Granite was emplaced ~1730 Ma, and the
Moody Suite at ~1700 Ma (Fanning 1997), both in the southern Eyre Peninsular. Results
from this study suggest that the Kimban Orogeny may have also affected the northern Gawler
Craton, with the intrusion of the Paxton Granite at ~1720 Ma in the Wilgena Domain. Ferris
et al. (2002) have modified the Kararan Orogeny of Daly et al. (1995, 1998) to include granites
emplaced between ~1690–1670 Ma, including the Ifould Suite, Tunkillia Suite, Symons Gran-
ite, Engenina Adamellite, and granite at Wynbring Rocks, Little Pinbong, and Barton.
Ferris et al. (2002) suggested that the ~1630 Ma St Peter Suite (including the Nuyts Volcanics)
was the result of arc-related magmatism.
The Hiltaba Association Granites and comagamatic Gawler Range Volcanics were emplaced
between 1595–1574 Ma (Appendix III). The term Gawler Range-Hiltaba Volcano-Plutonic
(GRHVP) event was coined by Johnson & Cross (1995) to encompass the entire magmatic
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Figure 1.5. Histogram of dates of igneous units of the Gawler Craton. Data sources: Budd (this study),
Budd & Fraser (2004), Holms & Budd (this study), Cooper et al. (1985), Creaser (1989), Creaser & Coo-
per (1993), Creaser & Fanning (1993), Fanning (1997), Fanning (2002), Fanning et al. (1988), Ferris
(2001), Flint et al. (1988), Flint et al. (1990), Jagodzinski (2001), Jagodzinski (in prep), Johnson & Cross
(1995), Mortimer (1984), Mortimer et al. (1988), Rankin et al. 1990, Roach & Fanning (1994), Stewart
(1994), Teasdale (1997). See Appendix VI.
event. There is little Proterozoic igneous activity following the GRVHP event, indicating that
the event caused cratonisation. The Munjeela Granite was emplaced at ~1560 Ma and is
restricted to the western Gawler near Ceduna, and the Spilsby Suite at ~1510 Ma is minor and
restricted to islands in the Spencer Gulf near Port Lincoln.
1.5.2 Focus on the Hiltaba Association Granites
This study was instigated to further examine the relationship between known mineral depos-
its and the HAG. Budd et al. (1998) highlighted a possible subdivision of the Hiltaba Associa-
tion Granites, and also the division between iron-oxide Cu-Au deposits occuring in the east-
ern part of the Craton, and Au-(Sn) deposits in the central part of the craton.
The age relationship between these deposits and the GRHVP is strongly suggestive that, at a
mimimum, the mineralisation and magmatism are manifestations of the same event. Johnson
& McCulloch (1995), using Nd isotope data suggested that mafic dykes contributed at least a
proportion of material to the mineralisation at Olympic Dam. Nd data at Tarcoola is permis-
sive (even suggestive; Section 17.3) of an input from the diorites into the mineralisation.
Even if it can't be proven that the HAG had a material input into the associated mineralisa-
tion, several theoretical considerations suggest that the granites have considerable mineralis-
ing potential. This is discussed in Chapter 18.
1.6 MINERALISATION ASSOCIATED WITH THE GRHVP
Early prospectors identified numerous gold occurrences in the Tarcoola-Gawler Range area
(Figures 1.1, 1.6: Tarcoola Goldfield, Lake Labyrinth, Earea Dam, South Lake, Glenloth
Goldfield, Kychering, Malbooma). Several new prospects were discovered during the mid-
1990s Gawler Craton exploration boom (Tunkillia, Myall, Sheoak, Barns, Weednanna Hill).
Mineralisation at all of these occurrences was thought to be related to granites of the HAG,
and is dominated by gold, with variable lead, zinc, silver, tin, bismuth and molybdenum (Daly
1993b). This is in contrast to mineralisation found associated with the HAG in the eastern
part of the Gawler Craton, which includes Olympic Dam, Moonta-Wallaroo, Prominent Hill,
Acropolis and Wirrda Well. Most of this mineralisation is an iron-oxide copper-gold (IOCG)
type, and the province has been termed the Olympic Cu-Au Province (OCGP) (Skirrow et al.
2002). The Central Gawler Gold Province (CGGP) has been defined (Budd et al. 1998, Ferris
& Schwarz 2003, Drown 2003) to differentiate the two distinct mineral provinces associated
with the GRHVP.
More recent work has shown that the gold-dominated deposits of the CGGP are mostly
hosted by Palaeoproterozoic granites, rather than the Mesoproterozoic Hiltaba Association
Granites (e.g. Ferris & Schwarz 2003). Many of the known deposits of the CGGP are intruded
by narrow dioritic dykes. Budd & Fraser (2004) showed that the dioritic dykes at the Tarcoola
Goldfield are the same age as the GRHVP event. The ages of the dykes at other prospects are
unknown. Further work is required to substantiate the possible genetic relationship between
mafic GRHVP magmatism and mineralisation in both the CGGP and the OCGP.
Mineralisation of several types is spatially and temporally associated with the GRHVP. Lead-
zinc-silver mineralisation at the Menninnie Dam prospect, south of the Gawler Ranges on the
Eyre Peninsula, is hosted by metasediments of the Palaeoproterozoic Hutchison Group
(Roache & Fanning 1994). Lithological relationships and sulfide textures indicate that miner-
alisation crosscuts stratigraphy and is post-amphibolite facies metamorphism. SHRIMP dat-
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Figure 1.6. Summary geology and interpreted Domain boundaries of the central Gawler Craton showing
locations of gold prospects and the extent of the Central Gawler Gold Province. Note that the polygons
represent dominant lithological packages: other units may be present. The Paxton Granite is of very
limited areal extent and restricted to the Tarcoola Goldfield area, hence does not show on this scale. The
extent of the Tunkillia and St Peter's Suites is as interpreted by Ferris and Schwarz (2003). The Domain
boundaries are modified from Daly et al. (1998) and Ferris and Schwarz (2003). Menninnie Dam and
Telephone Dam are base metal prospects dated at ~1580 Ma (Roache & Fanning 1994).
ing of zircons from rhyolite dykes synchronous with mineralisation give an age of 1591 ± 15
Ma, indistinguishable from other units of the GRHVP (Roache & Fanning 1994). Dating at
the giant Olympic Dam Cu-Au-U±REE deposit suggests it is very similar in age to the host
Wirrda Suite granite (of the GRHVP) (Johnson & Cross 1995).  Ar/Ar dating of sericites at
Tarcoola (Budd & Fraser 2004) and Tunkillia, Barns and Weednanna (Fraser et al. in prep.) all
have an age of ~1580 Ma, and are all near HAG intrusives, although not hosted by them.
1.7 NEW WORK & DATA
This work had two concurrent aspects: a study of the intrusives of the Tarcoola Goldfield and
Tarcoola region; and a study of the genesis of the Tarcoola Goldfield.
1.7.1 Intrusives of the Tarcoola Goldfield
Twenty-two unaltered and hydrothermally-altered samples of drill-core of the Paxton Granite
were analysed for whole-rock multi-element geochemistry, for the purposes of petrogenetic
and alteration studies (Chapters 2 and 13). Eight samples of drill-core of the Lady Jane Diorite
were analysed for the same purpose (Chapter 3). Numerous other samples of both lithologies
were taken for petrology and EMP mineral chemistry.
Three samples of the Paxton Granite were dated by SHRIMP zircon U-Pb by the author
(Chapter 4). One sample of the Lady Jane Diorite was dated by hornblende  Ar/Ar (Chap-
ter 15, Budd & Fraser 2004). Four samples were analysed for whole-rock Sm-Nd isotopes,
and two K-feldspar separates and three whole-rock powders of the Paxton Granite were analysed
for Pb-Pb isotopes (Chapter 17). The petrogenesis of the Paxton Granite is briefly discussed.
1.7.2 Tarcoola region granites, and the GRHVP
One hundred and fifteen samples of granitoids were collected from the Tarcoola region
(Appendix I & Figure 6.1). Most of these were analysed for multi-element geochemistry and
thin section petrology (Chapter 6, Appendix VIII). Five granites were dated by SHRIMP zir-
con: Kychering, Ambrosia, Pegler, Big Tank & Partridge (Chapter 4). Two of these granites
were also analysed for K-feldspar Pb-Pb and whole-rock Sm-Nd isotopes: Kychering &
Pegler (Chapter 17). Major and trace element modelling was also conducted on these two
granites (Chapter 9).
The geochemistry of the Palaeoproterozoic Paxton Granite was compared to the Mesopro-
terozoic HAG (Chapter 5). An attempt was made to define a template to distinguish the HAG
from granites of other ages in the Gawler Craton. The regional variances of the Hiltaba Asso-
ciation Granites was also investigated (Chapter 7) with the aim of distinguishing factors such
as different degrees of fractionation, or different source compositions, that might provide
some explanation for the differences in mineralisation between the CGGP and the OCGP.
The results of this investigation were the portrayed in a GIS, and an atlas produced (Appendix
IX). A chemical comparison was made between the HAG and other granites of different ages
in the Gawler Craton (Chapter 8).
A major result of this work is that the GRHVP is divisible into two I-type and two A-type
supersuites.
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1.7.3 Genesis of the Tarcoola Goldfield
In order to determine constraints on the origin of the Perseverance deposit, Tarcoola
Goldfield, the following studies were carried out:
1. Hand-sample petrography of mineralisation styles and paragenesis (Chapter 12);
2. Whole-rock geochemical alteration study using a range of unaltered to altered to
mineralised samples of the homogeneous monzogranite phase of the Paxton
Granite as a medium (Chapter 13);
3. Petrographic study of the effects of alteration on mineralogy of the Paxton Granite
and Lady Jane Diorite (Chapter 13);
4. Detailed core logging of veining, fracturing and magnetic susceptibility of the Paxton
Granite to accompany geochemical and mineralogical studies (Chapter 13);
5. LA-ICPMS study of the possible origins of zircons from a strongly altered sample
from the Perseverance deposit dated by Fanning (1997) at 1578 ± 7 Ma (Chapter 14).
6. Ar-Ar dating of hydrothermal sericite from altered and variably mineralised granites,
to determine minimum age of alteration and thereby mineralisation (Budd & Fraser
2004, Chapter 15);
7. Fluid inclusion study (Chapter 16);
8. Pb-Pb isotope study on galena from auriferous and barren mineralisation, and K-
feldspar from the Paxton Granite, to determine potential Pb sources and as an upper
age limit on Pb mineralisation (Chapter 17); and
9. Nd isotope study on unaltered & altered granites and diorites, and several ore
samples with between <1 and 105 g/t Au, to constrain possible sources of REE and
thereby fluid ± metal sources (Chapter 17).
A major result was the successful determination of the age of alteration and mineralisation of
the Perseverance deposit by  Ar/Ar dating. This has been published as Budd & Fraser
(2004).
1.8 PREVIOUS LITERATURE SIGNIFICANT TO THE GRHVP AND
MINERALISATION
Three significant studies on the origin of the Hiltaba Suite granites or Gawler Range Volcan-
ics are the PhD studies and publications by Giles (1980, 1988), Creaser (1992, 1995, 1996) and
Stewart (1994). Giles and Stewart worked principally in the western and southern Gawler
Ranges, while Creaser worked mostly in the Olympic Dam area It is important to point out
that Creaser’s study was not in to same geographical area as the other two studies, and that
Giles did not analyse Nd isotopes, which the other two did.
Hein (1989) and Hein et al. (1994) studied the origin of the Tarcoola Blocks section of the Tar-
coola Goldfield. Ferris (2001) examined the Tunkillia deposit. These were the only studies of
Au mineralisation spatially associated with GRHVP at the start of this study. Several studies
had examined Cu-Au mineralisation spatially associated with the GRHVP in the Olympic Cu-
Au Domain (e.g. Johnson & Cross 1995; Johnson & McCulloch 1995; Haynes et al. 1995; Rey-
nolds 2000). Bulletin 54 (Drexel et al. 1993) was an important summation of the understanding
of Gawler Craton geology at the start of the project.
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2.1 INTRODUCTION
Three lithological packages are evident from drilling at the Tarcoola Goldfield. The Palaeo-
proterozoic Paxton Granite (new name) forms basement to the fluviatile-marine Tarcoola
Formation. Both of these units are intruded by the Mesoproterozoic Lady Jane Diorite (new
name). Prior to this study, U-Pb geochronology suggested that the Paxton Granite was a
member of the Hiltaba Association, and that it was younger than the Tarcoola Formation
(Fanning 1997). Field relationships were interpreted as intrusive (e.g. Daly 1985, Daly 1993b,
Daly et al. 1993), or as unconformable (e.g. Hein 1989, Hein et al. 1994, Hughes 1998).
Zircon U–Pb analyses by SHRIMP of three different components of the Paxton Granite give
an age of ~1720 Ma (Table 2.1, Appendix III). Earlier dating by Fanning (1990) of zircon
from tuffs in the Tarcoola Formation in drillhole Wilgena #1 (east of the Goldfield) give an
age of 1657 ± 7 Ma, interpreted to be the age of deposition. Zircons from a granitic conglom-
erate at the base of the Tarcoola Formation have two age populations of ~1715 and ~1733
Ma (Table 11.1), confirming a maximum age younger than the Paxton Granite. Examination
of the contact in several drill cores also provides evidence for an unconformable contact.
There is little outcrop of either the Paxton Granite or the Lady Jane Diorite in the Goldfield:
most of the samples used in this study come from drilling by Grenfell Resources and Anglo-
gold Limited, mostly into the Perseverance deposit.
The term Paxton Granite has been used to define the granites that occur at Tarcoola (Budd &
Fraser 2004). Daly (1985) grouped the granites at Tarcoola with the Hiltaba Association. Early
SHRIMP dating by Fanning (1997) on granite from Tarcoola gave an age of 1578 ± 7 Ma,
apparently confirming a correlation with the Hiltaba Association. Budd (2002) used these
granites as a geochemical template to show possible differences between gold-associated plu-
tons and copper-gold associated plutons of the Hiltaba Association. However, subsequent
SHRIMP zircon analyses show that the granites at Tarcoola are much older than the Hiltaba
Association, being Palaeoproterozoic in age. They possibly represent the presence of previ-
ously unrecognised Moody Suite or Middle Camp Granite equivalent magmatism in the
northwestern part of the Gawler Craton. Chapter 8 discusses the Proterozoic granites of the
Gawler Craton, and deals further with the filial associations of the Paxton Granite. At this
stage, the Paxton Granite is defined to occur only in the Tarcoola Goldfield area.
The Paxton Granite comprises three phases, a homogeneous coarse-grained monzogranite
main phase, with lesser finer-grained syenogranite and very minor quartz monzonite. Each
phase has been classified by its chemistry and mineralogy (see below). The main phase is a
hornblende-biotite-titanite monzogranite, with subequal amounts of quartz and orthoclase
and lesser oligoclase. It has a coarse-grained subhedral granular texture with slightly porphy-
ritic K-feldspar. It is intruded by a felsic-fractionate series of mostly finer-grained biotite-
bearing syenogranite, the least felsic parts of which are strongly seriate with cubic K-feldspar
phenocrysts, and the more felsic parts are more equigranular and less biotite-rich. Very minor
medium-grained hornblende-titanite-biotite quartz monzonite, which may be a cumulate
phase, occurs as dykes or enclaves.
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2.2 PETROGRAPHY
2.2.1 Monzogranite
This facies is remarkably homogeneous, and consists of approximately 30% each of K-
feldspar, plagioclase and quartz; about 3% each of hornblende and biotite; common titanite;
accessory zircon, apatite, magnetite and allanite; and minor chlorite, hematite, epidote and
sericite as alteration products. Minor fluorite is present, but is probably an alteration product
of biotite and hornblende.
The overall texture is coarse-grained subhedral granular with slightly porphyritic K-feldspar
(Figure 2.1). Minor granophyric texture is seen in thin section. Deformation is weak, and is
evidenced by some grain-boundary recrystallisation and undulose extinction of quartz, and
some microfracturing.
K-feldspar is the largest mineral (up to 2 cm), and has microcline composition with abundant
interlocking perthite giving tartan twinning (Figure 2.2). It is subhedral and simply twinned. It
contains common inclusions of plagioclase and quartz. It is quite clear, with visible pinking by
microfine hematite along fractures; perthite is visible in hand sample.
Plagioclase has a low 2V indicating sodic composition (~oligoclase) (Figure 2.2). It is subhe-
dral with pronounced zoning, visible in some cases in hand sample. It is up to 1 cm size, and
commonly finely sericitised with occasional epidote.
Quartz is clear, coarse, anhedral, and often cracked with undulose extinction, has some fluid
inclusion trails, and some grain boundary recrystallisation. It is up to 1.5 cm size.
Biotite is anhedral to subhedral (but not ragged), straw to brown in colour, and with green to
dark green pleochroism (Figure 2.2). Some grains are just less than 1 cm, but most are ~0.5 cm
size. Chlorite usually replaces an entire grain rather than just part of a grain. Electron micro-
probe analysis (Table 2.2) shows that the biotite is relatively iron rich and silica poor, and is
therefore closer to the annite end-member composition (Deer et al. 1966).
Hornblende is euhedral, up to 1 cm size, and green to brown coloured. It is often replaced by
chlorite and epidote. Electron microprobe analyses show that the composition is a ferro-
edenite by the classification scheme of Hawthorne (1981) (Table 2.3).
Titanite is euhedral, orange and up to 0.5 cm size. Biotite, hornblende and titanite often occur
as aggregates, with zircon and apatite. Zircon is abundant, well zoned, mostly euhedral, and
often cracked. Allanite can be relatively large, up to 1.5 mm long, and is greenish.
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Figure 2.1 (opposite). Selected samples of the main phase of the Paxton Granite, the coarse-grained HBL-
BT monzogranite. All are samples of ½NQ core 5 cm wide. Bottom two photos show contacts between
monzogranite and the syenogranite (Figure 2.3). Sample 2005C shows a gradational contact, suggesting a
zoned magma chamber, whereas the bottom photo (313 m depth in hole TCRC034RD Anglogold drill-
ing) shows an intrusive contact.
Sampno Phase DHole Depth Analysis date # Spots Age
2004 monzogranite GP028RD 360.4 - 362 25-26 June 03 32 1722.3 ± 3.9
2005D quartz monzonite GP004D 148 - 149.1 26-27 June 03 27 1718.6 ± 2.9
2008B syenogranite GP078D 54.8 - 57.5 10-12 May 03 28 1715.1 ± 3.2
Table 2.1. Results of SHRIMP analyses, Paxton Granite, Tarcoola. # Spots refers to number used in age calculation.
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The crystallisation order is: plagioclase, quartz, K-feldspar, apatite, biotite+hornblende
+titanite, zircon, allanite.
2.2.2 Syenogranite
The main coarse-grained monzogranite phase is intruded by a series of finer-grained, more
felsic syenogranites. This phase occurs as dykes or sills of varying thicknesses. Figure 2.1
shows some of the intrusive contacts between the main monzogranite and this phase. This
series can be subdivided into two parts, the less felsic having abundant K-feldspar pheno-
crysts, and the more felsic having almost no phenocrysts, and being of much finer grainsize.
In general, grain size decreases with increasing differentiation.
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Spot SiO  TiO  Al O FeO MnO MgO CaO Na O K O F Cl Total
2004 bt f5 1 34.92 2.48 13.98 25.74 0.44 8.33 0.07 0.08 8.85 0.38 0.05 95.32
2004 bt f5 2 35.59 2.65 13.23 25.09 0.45 7.82 <.01 0.04 9.85 0.58 0.02 95.33
2004 bt f5 3 34.92 2.87 13.33 25.67 0.49 8.22 <.01 0.09 9.23 0.64 0.06 95.52
2004 bt g6 1 34.98 2.38 13.95 25.69 0.43 8.69 0.03 0.07 8.46 0.59 0.06 95.34
2004 bt g6 2 35.33 3.23 13.97 25.41 0.47 7.74 <.01 0.08 9.69 0.75 0.04 96.73
2004 bt i6 1 35.71 3.51 13.58 25.26 0.47 7.52 <.01 0.1 9.86 0.63 0.05 96.69
2004 bt i6 2 35.12 3.49 13.42 25.37 0.46 7.26 <.01 0.06 9.77 0.47 0.06 95.5
2004 bt i6 3 35.54 3.32 13.4 25.43 0.47 7.19 0.02 0.09 9.76 0.61 0.05 95.87
2004 bt j6 1 36.02 3.72 13.61 25.27 0.46 7.55 0.05 0.13 9.75 0.82 0.05 97.42
Table 2.2 (above). Electron microprobe analyses of biotite in sample 2004, Paxton Granite monzogranite.
Results as wt%. Analyses performed at ANU RSES on Cameca SX100, with assistance of Drs Nick Ware
& Ashley Norris. Biotite has a composition towards annite end-member.
   	
      
  
 
  
 


      

             
       	
	 
  
  
  
	 
  
 
 
   
 
  
 
	 
	 
 
  
  

     	
	 
  
   
  
  
  
 
 
   
 
 
 
	 
	 
 
  
  

     
 
  
 	  
   
 
  
 
 
   
 
  
  
	 
	 
 
  
 

      
 
  
	  
   
 
  
 
 
   
	 
  
 
 
 
 
  
 

      	
 
  
	  
  
 
  
 
 
    
 
	 
	 
		 
		 
 
  
  

     	
	 
  
  
  
 
  
 
 
   
 
 
	 
	 
	 
 
  
  

      	
 
   
 
  
 
  
 
 
   
 
	 
 	 
  
  
 
	 
 

      	
 
  
 
 
	  
  
  
 
   
 
 
  
 
 
 
 
	 

     	
 
   
  
 	 
 
	  
 
 
   
	 
 
  
 
 
 	 
 
	 

      	
 
  
  
  
 
  
 
  
   
 
 
  
	 
	 
 
 
 

   	  	
 
  
 
  
 
  
 
 
   
 
 
  
 
 
   
  
	 

   	  	
  
  
 
  
 
  
 
 
    
 
 
  
 
 
	 
 
 

     	
 
  
  
 
 
  
 
 
   
 
 
  
 
 
 
 
 

      	
 
  
  
  
  
  
 
 
   
  
 
  
 
 
 
 
	 

     	
 
  
 
   
 
  
 
	 
   
	 
	 
  
 
 
 
 
	 

     	
	  
  
 
 
	 
   
 
 
   
 
 
  
  
  
 	 
 
	 

     	
 
  
 
 
 
	  
  
 
   
 
	 
  
 
 
 	 
 
 

Table 2.3 (above). Hornblende composition of the monzogranite (2004) and quartz monzonite (2005D)
phases of the Paxton Granite, measured by the ANU RSES Cameca SX100 electron microprobe with the
assistance of Drs Nick Ware and Ashley Norris. Calculated on the basis of 23 oxygens. Cations assigned
in the order T > (M1,M2,M3) > M4 > A sites, with the assumption that: Al  = 8 - Si; Al  = Al - Al
 ; all
Mg assigned to (M1,M2,M3) site; Fe in (M1,M2,M3) = 5 - (Al +Mg+Ti); all Mn in M4 site; Fe in M4
site = Fe - Fe

	
		; Ca in M4 site = 2 - (Mn+Fe

	); Ca in A site = Ca - Ca	. P(kbar) = -3.92
+ 5.03Al (Hammarstrom & Zen 1986).
Figure 2.2 (continued from opposite page) and apatite. Alteration minerals include epidote and sericite.
The next two sets of photographs, of 2003C and 2005E, show the changes with fractionation in the syeno-
granite phase. Generally, grain size decreases from 2004, with the exception of large, euhedral K-
feldspar. The abundance of ferromagnesian and accessory minerals is decreased, and some granophyric
texture is evident. Sample 2005D (bottom photos) of the quartz monzonite has textures suggestive of a
partial cumulative origin, i.e. clots of ‘mafic’ minerals including hornblende and titanite.
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Figure 2.2. Thin section photographs of selected samples of the Paxton Granite. All samples at same scale.
Top four photos are of sample 2004, the coarse-grained monzogranite, comprising quartz, K-feldspar,
plagioclase, biotite, hornblende, titanite and allanite, with minor magnetite (continued on opposite page)
2.2.2.1 K-feldspar-phyric medium-grained biotite syenogranite
Four samples of K-feldspar-phyric medium-grained biotite syenogranite show a range of
compositions, textures and mineralogy (Figure 2.3). Samples 2008B, 2204D, 2005C and
2005E have between 72.5 and 74% SiO2 (Table 2.4, Appendix II). In general, this phase is
medium-grained with strongly porphyritic K-feldspar to 1.5 cm, usually squareish (Figure
2.2). K-feldspar, in addition to the phenocrysts, has an almost continuous range of grainsize,
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Figure 2.3. Selected samples of the syenogranite, the felsic fractionate phase of the Paxton Granite. All
are samples of ½NQ core 5 cm wide (approximately actual size). Samples arranged in order of increasing
SiO from top to bottom (see Table 2.4). This phase has less ferromagnesian minerals, less plagioclase,
less titanite, and fewer accessory minerals than the main monzogranite phase. The most felsic samples of
this series have a fine grainsize (e.g. samples 2003C bottom, 2002C not shown).
so the rock may be called seriate. The groundmass texture is subhedral granular, with rare gra-
nophyre. Deformation is weak to moderate, and is shown by undulose extinction and grain
size reduction in quartz, grain boundary recrystallisation in quartz and feldspars, kinking of K-
feldspar and biotite, and veining. Note that these four samples are moderately altered, with
alteration dependent on the degree of deformation.
This facies is composed of approximately 35% K-feldspar, 30% plagioclase, 25% quartz, with
the remaining ~10% being made up of biotite, allanite, zircon, apatite, iron oxides, and secon-
dary chlorite, sericite, titanite, epidote, fluorite and hematite. The samples are pink to red,
depending on the degree of alteration. There appears to be no primary titanite.
Some grains of K-feldspar are ~1.5 cm, with simple twinning and common inclusions espe-
cially on growth zones, but do not have euhedral outlines. Microperthite is present, but is not
as common as in the coarse hornblende-biotite monzogranite. Other grains are anhedral and
occupy interstitial spaces. This indicates that K-feldspar was an early-crystallising phase, with
growth continuing for much of the cooling period, or that it is a cumulate phase.
Plagioclase is euhedral to subhedral, and usually well sericitised with some epidote. Where
observable, the 2V is low, indicating sodic compositions. Quartz is anhedral with common
undulose extinction and grain boundary recrystallisation.
Biotite is mostly fine and somewhat altered, being ragged and variably replaced by chlorite,
fluorite, epidote, titanite and iron oxides. Zircon is common, euhedral, cored and zoned. It
causes a visible halo in plagioclase. Alteration minerals include fluorite, epidote, chlorite, car-
bonate, pyrite, and hematite.
The crystallisation order is: plagioclase, quartz, K-feldspar, apatite, biotite+magnetite, zircon.
K-feldspar either crystallised throughout the cooling of the rock, or is a cumulate phase.
2.2.2.2 Fine-grained equigranular biotite syenogranite
This is the finest-grained of the felsic intrusives, and the most volumetrically minor phase.
Samples 2003C and 2002C are fine grained, with a continuous range in grainsize of quartz,
plagioclase and K-feldspar, so it is seriate (Figure 2.2 & 2.3). Some granophyre is present
(sample 2003C, Figure 2.2). Crystals range from anhedral to nearly euhedral. The two samples
of this phase are slightly deformed, shown mostly by undulose extinction of quartz, but also
by some deformation of K-feldspar, and some veining.
This phase is comprised of about 35% each of K-feldspar and quartz, with ~30% plagioclase,
~2 % biotite, and minor zircon. There is little to no apatite. Chlorite, epidote, muscovite and
pyrite are alteration phases, and carbonate, fluorite and chlorite are vein minerals. Fine hema-
tite disseminations, particularly in plagioclase, give the rock a pink colour overall.
K-feldspar is mostly anhedral, partly perthitic, and sometimes shows tartan or simple twin-
ning. Plagioclase is mostly anhedral, but some larger grains are euhedral. It has low 2V, indi-
cating sodic compositions. Quartz inclusions are trapped on growth rims. It is generally well
sericitised, with some individual grains being of reasonable size (i.e. muscovite). Quartz is
anhedral, comprising both larger grains and many smaller interstitial grains. It has undulose
extinction, and shows grain size reduction.
Biotite is small and scrappy, and mostly replaced by chlorite, iron oxides and muscovite. A
small amount of zircon is present; it is euhedral, zoned, cracked and has inclusions. Both sam-
ples show veining: very fine quartz veins in sample 2003C; larger carbonate+fluorite+chlo-
rite+sulphide in 2002C.
The crystallisation sequence is: plagioclase, quartz, K-feldspar, biotite, zircon.
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2.2.3 Quartz monzonite
This facies is minor in occurrence, often occurring as narrow (<10 cm) dykes (Figure 2.4).
Sample 2005D, described below, is from an intersection of several meters, allowing a repre-
sentative sample volume and mass to be taken, and is taken as the type sample. The only other
geochemical sample taken, 2211E (Figure 2.4), although being fine- to medium-grained, was
too small and is unrepresentative, for example, lacking in accessory mineral phases.
This phase is distinguished by being relatively quartz- and feldspar poor, compared to the
monzogranite phase. Sample 2005D plots in the quartz monzonite field of Streckeisen (1976 -
see Figure 2.5I). Sample 2211E plots in the syenogranite field, but given the small sample size
this is not considered to be representative.
Sample 2005D is composed of plagioclase, K-feldspar, quartz, hornblende, biotite, titanite,
magnetite and apatite. It is fine- to medium-grained, with a subhedral granular texture, and
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Figure 2.4. Selected samples of the minor quartz monzonite phase of the Paxton Granite. All samples are
of ½NQ core, at approximately actual scale. Sample 2005D is from a long intersection of this phase,
whereas the ~6cm wide dyke in 2211E was sampled, but was found to be deficient in several mineral
phases compared to 2005D, e.g. zircon.
shows minor granophyre. Hornblende forms clumps up to 1 cm in size, whereas biotite forms
isolated single crystals. Hornblende has ferro-hornblende to ferro-actinolitic hornblende
composition (Table 2.2). Plagioclase, hornblende, titanite and apatite are early crystallising
phases, followed by biotite, then quartz and K-feldspar.
Plagioclase is euhedral and up to 3 mm in size. It is variably sericitised. Quartz is anhedral. K-
feldspar is also anhedral, and shows some microperthite. Hornblende is euhedral to subhe-
dral, and has numerous apatite inclusions (possibly symplectite?). Biotite occurs as small
flakes, largely chloritised. Chlorite also partly replaces hornblende, which is also partly
replaced by epidote.
Magnetite forms small euhedral grains. Primary titanite is euhedral; secondary titanite is
scungy and developed as an alteration of plagioclase. Pyrite is moderately common, but it is
not certain whether it is the result of post-crystallisation alteration.
2.3 GEOCHEMISTRY
Ten unaltered samples of the main monzogranite, six samples of the syenogranite fraction-
ated series, and two samples of the quartz monzonite phase were analysed. All samples are of
half NQ diamond core. All are unweathered. Many samples of the coarse-grained monzo-
granite were taken to study the effects of alteration, discussed in detail in Chapter 13. It was
found that many of the samples which appeared to be quite altered showed very little change
in chemistry. Loss of Na was found to be indicative of alteration having occurred. Up to 10 kg
of core were taken for each sample, but this was not always possible because of variable altera-
tion or veining. Sample 2211E was one of the smallest samples taken; it is a 6 cm wide dyke.
All samples were analysed at Geoscience Australia, except for a small number of gold analyses
performed by Analabs in Perth (Table 2.4). All samples were powdered in a tungsten-carbide
mill. Sample locations are given in Appendix I. The analytical method is given in Appendix V.
2.3.1 Results
The results for all analyses of the Paxton Granite are given in Table 2.4 and Appendix II. Sev-
eral plots of the geochemistry are presented in Figure 2.5. Under the scheme of Frost et al.
(2001) the Paxton Granite is metaluminous, magnesian and alkali-calcic (Figures 2.5A-C). All
phases of the Paxton Granite are oxidised (Figure 2.5D). The Paxton Granite plots in the calc-
alkaline field on an AFM diagram (Figure 2.5E), and in the ‘loFe’ field of Arculus (2003) (Fig-
ure 2.5F). The Paxton Granite has high K2O, and is plots in the alkali granite field just above
the alkaline-subalkaline boundary on the total alkali diagram of Cox et al. (1979) (Figures
2.5G-H). However, given the uncertainty of the position of this boundary line (Rickwood
1989), and the dominantly alkali-calcic composition of the granite (Frost et al. 2001), a calc-
alkaline classification is considered appropriate (see discussion of Arculus 2003).
The less felsic parts of the syenogranite series have an abundance of K-feldspar phenocrysts,
and this is reflected in those samples on the K2O vs SiO2 plot (Figure 2.5G). This suggests
that K-feldspar may have been accumulated in these samples (see discussion below).
The QAP diagram of Streckeisen (1976) has been modified and used to give names to the
various phases of the Paxton Granite (Figure 2.5I). CIPW norms are plotted rather than min-
eral modes, and albite has been divided between orthoclase and anorthite, given that K-
feldspar is perthitic and plagioclase is ~An30. The altered monzogranite samples have lost
most of their sodium and so plot in the alkali granite field. The CIPW norms for Ab, An and
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Or are plotted against Q (Figure 2.5J): orthoclase increases, and anorthite decreases with
increasing modal quartz. The syenogranite series has higher Or than the dominant monzo-
granite phase. The feldspar mineralogy is reflected in plots of Ba, Rb and Sr (Figures
2.5K–M), showing that the distribution of these elements was controlled by feldspar
fractionation.
Figure 2.5N shows that the fractionated syenogranite phase crystallises after zircon saturation
has been reached. Likewise, Figure 2.5O shows that other HFSE, which are also partitioned
into minor phases such as apatite, allanite, zircon and titanite, are also decreased with frac-
tionation, indicating the saturation point for these minerals was reached prior to crystallisa-
tion of the syenogranite phase.
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Table 2.4. Analyses of unaltered Paxton Granite samples. MZG = monzogranite. SYG = syenogranite.
QMZN = quartz monzonite. Analyte method, unit and detection limit given in Appendix IV.
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Figure 2.5. Paxton Granite geochemical classification. Fields from: A: Fe-number = FeO/(FeO+MgO)
Frost et al. 2001). B: MALI (modified alkali-lime index = NaO+KO-CaO) Frost et al. (2001). C: Zen
ASI = (mol. Al/Ca+Na+K) Zen (1986). D: Champion & Heinemann (1994). E: Irvine & Baragar (1971).
F: Arculus (2003). G: Rickwood (1989). H: Cox et al. (1979).
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Figure 2.5 (continued). I: Streckeisen (1976), but the verticies are modified. M: El Bouseily & El Sokkary
(1975). N: Eby (1990), FG = fractionated granite, OGT = other granite type, including S-type and unfrac-
tionated I-type. (Ce/Y) = 2.5  Ce/Y. Sr/Sr* = Sr/(5.77Ce+7.74Nd).
Granite
QMZN
The (Ce/Y)N plot (Figure 2.5P) shows that the LREE increase relative to the HREE with
fractionation. This is explained by absence of hornblende, which is a host to HREE, in the
more fractionated parts of the Suite. Figures 2.5Q–S shows that HREE are decreased relative
to LREE by fractionation. Total REE is slightly decreased by fractionation, as shown by the
generally parallel but lower REE patterns of the syenogranite compared to the monzogranite
(Figures 2.5R&S). This is controlled by the crystallisation of the accessory phases (Gromet &
Silver 1983, Sawka 1988, Bea 1996, Hoskin et al. 2000).
A negative Eu anomaly is evident in all phases of the Paxton Granite. This is an indication that
feldspar, which strongly partitions Eu2+, is residual in the partial melt source (Rollinson 1993).
It also indicates that the source was oxidised, as otherwise the Eu would be trivalent, and
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Q: Quartz monzonite
R: Monzogranite
S: Syenogranite
T: Quartz monzonite
U: Monzogranite
V: Syenogranite
Figure 2.5 (continued). Geochemistry of the Paxton Granite. Chondrite REE normalisation values of
Nakamura (1974), quoted in Rollinson (1993). Primordial mantle normalisation values of McDonough et
al. (1992), except for P (Wood et al. 1979) quoted in Rollinson (1993).
hence not partitioned into residual feldspar, and would not show as a negative anomaly on the
REE patterns.
The Paxton Granite is Sr-depleted, Y-undepleted, indicating a plagioclase residual, rather than
garnet residual source, which further indicates a shallow level of partial melting (Wyborn et al.
1988, Wyborn et al. 1992, Patino Douce 1996). Figures 2.5T–V shows that all phases of the
Paxton Granite have low Sr levels (compared to Ce & Nd). Yttrium can be seen on those fig-
ures to be undepleted.
The spidergrams (Figures 2.5T–V) show that the incompatible elements U & Th are strongly
increased during fractionation. Phosphorous, Nd, Ta & Ti are variably depleted. The deple-
tion of the TNT group elements (Ta-Nb-Ti) may indicate that a Fe-Ti oxide phase such as
titanite, rutile of ilmenite is residual in the source. Phosphorous is depleted in the monzogran-
ite and syenogranite phases, but not in the quartz monzonite phase. This may be due to early
crystallisation of apatite.
2.4 GEOCHEMICAL MODELLING
2.4.1 Major element modelling
Least-squares major element modelling was conducted to test the magmatic evolution
between the quartz monzonite, monzogranite and syenogranite phases of the Paxton Granite,
by the method outlined in Chapter 9.2. The results are summarised in Table 2.5. An average
composition was used for the monzogranite phase. Compositions measured by EMP were
used for hornblende and biotite of the quartz monzonite and monzogranite phases (Tables
2.2, 2.3). The modelling suggests 36% fractionation, including 14% plagioclase, 12% horn-
blende, 9% biotite and 1% titanite between the quartz monzonite and monzogranite (Table
2.5). Petrography and whole-rock geochemistry suggested that orthoclase was a cumulate
phase in the less felsic syenogranite phases, therefore it was modelled as a reactant. This mod-
elling, between the average monzogranite composition, and sample 2008B, suggests 11%
fractionation involving 5% plagioclase, 5% hornblende, 0.5% biotite and 0.5% titanite, with
the accumulation of 4% orthoclase (Table 2.5). Modelling between the least and most felsic
samples of syenogranite suggest 18% fractionation involving 7% orthoclase, 7% plagioclase
and 5% biotite, with no titanite.
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Reactant KFS Product SiO  F Plagioclase (An) Hbl (mg#) Biotite (mg#) Alk feld Ttn RSS
Quartz monzonite 2005D to Monzogranite average
2005D MZG 8.47 43.89 20.28 35 23.61 36 3.7697
2005D MZG 8.47 42.18 19.17 35 14.39 36 8.62 23 0.3787
2005D MZG 8.47 41.28 18.36 35 12.86 36 8.9 23 1.16 0.1015
2005D MZG 8.47 35.97 14.19 60 12.23 36 8.65 23 0.9 0.0961
Pegler Granite to Kychering Granite
MZG 3.72 2008B 2.47 11.4 5.2 35 5.23 20 0.46 23 0.5 0.0046
Least felsic Syenogranite 2008B to most felsic Syenogranite 2002C
2008B 2002C 3.5 18.48 6.57 20 4.7 23 7.2 0.0219
Table 2.5. Summary of results of least squares modelling of major elements for the Paxton Granite. See
Chapter 9 for a discussion of the method, and Appendix V for the compositions used. RSS = residual sum
of squares (error estimate).
2.4.2 Zircon saturation temperatures
Zircon saturation temperatures were calculated for all of the analysed samples of the Paxton
Granite by the method of Miller et al. (2003), as outlined in Chapter 9.2.2.3. The results are
presented in Table 2.6. The dominant monzogranite phase has an average zircon saturation
temperature of 824.8 ± 1 °C, and the felsic fractionated syenograite phase has a range of tem-
peratures averaging 788.9 ± 23 °C. As pointed out previously, the quartz monzonite sample
2211E appears deficient in accessory minerals, including zircon, therefore the TZr for this
phase is taken from the one samples (2005D), and is 801.1 °C (Table 2.6). As discussed by
Miller et al. (2003) and Creaser & White (1991), zircon saturation temperatures can often be
interpreted to represent the minimum melt temperature of metaluminous granites, and is
interpreted here that the minimum melt temperature for the Paxton Granite is ~825 °C.
2.5 GEOCHRONOLOGY
Three samples of the Paxton Granite were dated by the zircon SHRIMP method. The sam-
ples analysed were: 2004 of the dominant monzogranite; 2008B of the syenogranite fraction-
ate series; and 2005D of the quartz monzonite (Table 2.1). Each sample was chosen for its
apparent freshness (i.e. not weathered), little to no alteration, and its representativeness. Prior
to the SHRIMP dating, it was not known whether the Lady Jane Diorite and the Paxton Gran-
ite were part of the one cumulate-fractionate magma series. SHRIMP dating by Fanning
(1997) of an altered granite sample suggested a Hiltaba intrusive age, and at the start of the
project it was thought that the Paxton granites and Lady Jane Diorite were both intrusive into
the Tarcoola Formation. An attempt was made at separating zircon from a sample of the Lady
Jane Diorite, but insufficient grains were recovered. However, 40Ar/39Ar dating of horn-
blende gives a minimum age, interpreted as the intrusive age, of ~1580 Ma. The SHRIMP dat-
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Samp# Zr SiO  TiO  Al O Fe O* MnO MgO CaO Na O K O P O
total
mol M T, °C
Avg
dev
Monzogranite
2002A 272 69.02 0.47 14.30 3.73 0.08 0.79 1.93 3.46 5.06 0.15 1.76 1.57 824
2003A 286 69.85 0.54 13.75 3.73 0.08 0.76 2.06 3.41 4.83 0.15 1.76 1.60 827
2003B 262 68.70 0.50 13.91 3.75 0.09 0.84 1.80 3.25 5.06 0.15 1.74 1.54 823
2003E 264 68.33 0.51 13.60 3.71 0.08 0.92 1.89 3.10 5.23 0.14 1.73 1.59 821
2003F 276 68.06 0.53 13.72 3.72 0.08 0.79 1.93 3.18 5.08 0.15 1.72 1.58 825
2004 287 68.76 0.53 13.94 3.93 0.07 0.81 2.08 3.37 4.95 0.16 1.75 1.61 826
2005A 256 69.47 0.48 13.94 3.35 0.07 0.76 1.59 3.21 5.25 0.14 1.74 1.50 825
2005B 273 68.04 0.53 14.14 3.97 0.08 0.79 1.82 3.29 5.20 0.17 1.74 1.56 826
2006 271 68.52 0.52 13.89 3.69 0.06 0.82 1.77 3.38 5.14 0.15 1.74 1.58 824
2012 273 68.47 0.53 13.79 3.92 0.07 0.81 1.69 3.31 5.09 0.16 1.74 1.55 826
Syenogranite 825 ± 1
2008B 190 71.95 0.25 13.89 2.29 0.04 0.44 0.75 3.17 6.18 0.08 1.76 1.41 805
2204D 275 72.93 0.42 12.85 3.19 0.06 0.62 1.01 2.83 5.35 0.12 1.75 1.38 841
2005C 156 73.49 0.22 13.37 1.86 0.04 0.38 0.81 3.05 5.98 0.06 1.76 1.40 788
2005E 156 73.83 0.18 13.29 1.67 0.05 0.35 0.75 3.17 5.69 0.05 1.76 1.37 790
2003C 93 74.97 0.06 12.52 0.99 0.02 0.12 0.59 3.33 5.20 0 1.74 1.36 747
2002C 113 75.24 0.08 12.72 1.06 0.02 0.15 0.53 3.24 5.56 0 1.75 1.36 763
Quartz monzonite 789 ± 23
2005D 317 59.87 1.02 14.88 7.40 0.16 2.58 4.44 3.10 4.05 0.51 1.73 2.05 801
2211E 52 61.88 1.01 14.78 5.51 0.11 1.17 2.69 3.36 4.66 0.50 1.70 1.72 680
Table 2.6. Calculated zircon saturation temperatures (Watson & Harrison 1983, Miller et al. 2003) for the
Paxton Granite.
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Figure 2.6. Representative transmitted light and cathodeluminescence images of zircons analysed from
samples of the Paxton Granite, Tarcoola.
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Figure 2.7A (left). Weighted average for QGNG standard, May 10-14 2003 SHRIMP I session. Figure
2.7B (right). Weighted average for QGNG standard, June 25-28 2003 SHRIMP I session.
ing, detailed below, shows the Paxton Granite to be Palaeoproterozoic. Methods, including
zircon separation and mounting, and the SHRIMP analytical procedure, are given in Appen-
dix V. Analytical data tables are given in Appendix III.
2.5.1 Description of zircons
Sample 2004 (monzogranite) contains euhedral, prismatic zircons and zircon fragments, with
sharp to simple (blunt) terminations (Figure 2.6A). Some grains show well preserved crystal
facets. They are predominantly medium-sized crystals, with unbroken grains between 70 to
300 m long, but some larger fragments exist that were probably >300 m long. The aspect
ratio varies from <2:1 to >4:1. The grains are mostly colourless, and mostly free of cracks.
Clear and opaque inclusions are common. The grains have a strong CL response, and exhibit
concentric zoning typical of igneous crystallisation. There is no evidence for inherited cores
or secondary rim overgrowths.
Sample 2008B (syenogranite) contains slightly shorter but more equant grains than 2004, with
an average grainsize of ~150 m and an aspect ratio of 2:1 (Figure 2.6B). The grains are
mostly colourless, but zoning is more evident in the transmitted light photographs than in
sample 2004. Opaque inclusions and fracturing are also more common. These zircons have a
much more subdued CL response, but concentric zoning is still evident. Some grains have a
much higher CL response than the majority. There is no evidence for inherited cores or sec-
ondary rim overgrowths.
Sample 2005D (quartz monzonite) contains medium-sized grains that lack the faceted and
zoned nature of the more felsic samples (Figure 2.6C). The grains are mostly colourless with
few inclusions, and some fractures. There are relatively few perfect crystal faces, and the
irregular grain boundaries may be an indication that resorbtion has taken place. The lack of
normal igneous zonation seen in the CL images may be the result of low diffusion rates of zir-
conium in intermediate melts (Speer 1980), or post crystallisation diffusion. The CL image is
mostly subdued, and shows zones of very low brightness corresponding to fractures. This
probably reflects areas of high U, resulting in structural damage which is more susceptible to
later material movement. Indeed, SHRIMP analyses showed a pattern of discordia to quite
young ages (~500 Ma), corresponding to spots in the areas of very low CL response.
2.5.2 Concurrent standard data
The 1850 Ma QGNG zircon standard (Black et al. 2003) was used to calibrate the measured
206Pb/238U ratios. The analyses were conducted over two sessions, and machine stability was
good for both of the sessions.
The syenogranite sample 2008B was analysed between 10–14 May 2003. Forty-two spots on
the QGNG standard were analysed during analysis of the unknowns. Samples 2167 and 2193
were also analysed during this session (Chapter 4). Of the 42 analyses, 38 were used in calcu-
lating the age, giving a result of 1842.0 ± 4.2 Ma, with a MSWD of 1.4 and probability of
equivalence of 0.048. The 2 external spot-to-spot error was 7.08% which is slightly above
the preferred upper threshold for SHRIMP I of 5%. A mass fractionation correction of
1.00434 was applied to 207Pb/206Pb ages for the QGNG standard and unknowns for this ses-
sion. This gave a weighted mean age of 1849.9 ± 4.2 Ma with a MSWD of 1.4 and probability
of equivalence of 0.046 (Figure 2.7A).
The monzogranite sample 2004 and quartz monzonite sample 2005D were analysed between
25–28 June 2003. Thirty-four spots on the QGNG standard were analysed during analysis of
the unknown, 24 of which were used in calculating a result of 1845.7 ± 3.5 Ma, with MSWD
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0.91 and probability of equivalence of 0.59. A mass fractionation correction of 1.00233 was
applied to the 207Pb/206Pb ages for the QGNG standard and unknowns for this session. This
gave a weighted mean age of 1849.9 ± 3.5 Ma with a MSWD of 0.91 and probability of equiva-
lence of 0.58 (Figure 2.7A). The 2 external spot-to-spot error was 4.09%.
2.5.3 Results
A summary of the results is given in Table 2.1. The SHRIMP data tables are given in Appen-
dix III.
2.5.3.1 2004 Monzogranite
Thirty-two spots were analysed on this sample, and all were used in the calculation of the age
of 1722.3 ± 3.9 Ma (Figure 2.8A & B). This is interpreted as the age of igneous crystallisation
of these zircons, and as the age of intrusion of the granite.
2.5.3.2 2005D Quartz monzonite
Seventy-two spots were analysed on this sample, of which 27 were used in calculating an age
of 1718.6 ± 2.9 Ma (Figure 2.8C & D). This age is interpreted as the age of igneous crystallisa-
tion of these zircons, and as the age of intrusion of this phase of the Paxton Granite. This
phase of the granite clearly crosscuts the main monzogranite phase, and the younger analytical
age is in agreement with geological relationships.
Many of the other spots (55 of 72) were found to fall on a line of discordia. Most of the spots
fall on the upper portion of the discordia line, so the age age of Pb-loss is only poorly con-
strained. By fixing the upper intercept at the age calculated for intrusion, the lower intercept
gives an age of 495.8 ± 2.9 with a MSWD of 2.6 (Figure 2.8E). An unanchored Model 2 iso-
chron has a lower intercept of 540 ± 19 Ma, an upper intercept of 1736 ± 8 Ma and a MSWD
of 6.2 (Figure 2.8F).
Dr. Mark Fanning (pers. comm.) also found such a discordia for zircon from a nearby felsic
granite sample that had a measured intrusion age of ~1708 Ma. 40Ar/39Ar dating of sericite at
Tarcoola (Chapter 15) showed no sign of thermal disturbance at this age (~500 Ma), therefore
the event must have been of very low magnitude and/or very localised. The spots which form
the discordia have on average twice the U that the concordant spots have, and at the time of
analysis were able to be predicted from very low CL response (Figure 2.6). A possible explana-
tion is that high-U zones of the zircon suffered radiation damage to their structure and were
susceptible to Pb-loss during the young (hydro)thermal event (Sinha et al. 1992, Geisler et al.
2001, 2003). This poorly constrained age is interpreted to represent the effects of a young tec-
tonic event, possibly far afield, but which caused localised fluid movement along old faults.
2.5.3.3 2008B Syenogranite
Fourty-two spots were analysed on this sample, of which 28 were used in calculation of the
age of 1715.1 ± 3.2 Ma (Figure 2.8G & H). Four spots were rejected because of high common
Pb, and ten because of a high degree of discordance. This age is interpreted as the age of igne-
ous crystallisation of these zircons, and as the age of intrusion of this phase of the Paxton
Granite. This phase of the granite clearly crosscuts the main monzogranite phase, so the
younger analytical age is in agreement with geological relationships.
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2.5.4 Interpretation of geochronology
The three dates are interpreted as igneous crystallisation and emplacement ages, and show
that the three units are part of the one suite. The slightly older age of the main monzogranite
phase is consistent with crosscutting relationships of the younger units.
These dates are amongst the first to be recognised of that age in the Wilgena Domain. Further
discussion of the implications of this, especially regarding the occurrence of the Moody Suite
and Middle Camp Granite, is given in Chapter 8.
2.6 Nd ISOTOPES
Three samples of the Paxton Granite were analysed for Sm-Nd isotopes, and are discussed in
detail in Chapter 17.3. Samples 2004 & 2005D were analysed at the University of Melbourne,
while sample 2008B was analysed at the University of Adelaide. The results are replicated in
Table 2.7. Sample 2007A, an altered monzogranite, was also analysed as part of an alteration
study, and the results were found to be very close to those of the unaltered granites.
The monzogranite (2004) and quartz monzonite (2005D) phases have similar Nd(t) values of
between –4.6 and –4.97, while the syenogranite sample 2008B has a values of –5.88. These
values indicate a significant crustal component in the Paxton Granite. The more negative
value of sample 2008B may indicate that the more fractionated parts of the Granite are more
contaminated by evolved material than the bulk of the Granite. The single-stage (Goldstein et
al. 1984) depleted mantle model age is ~2430 Ma for samples 2004 & 2005D, and is ~2490
Ma for the fractionated sample 2008B. These ages are >700 Ma older than the emplacement
age.
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Sampno
Sm
(ppm)
Nd
(ppm)
 
Sm/
 
Nd
 
Nd/
 
Nd
2SE Age
Initial
 
Nd/
 
Nd
ICHUR 	
Model
age
2005D 9.63 60.20 0.0967 0.511288 9 1719 0.510195 0.510414 -4.6 2430
2004 10.53 66.55 0.0956 0.511273 7 1722 0.510190 0.510410 -4.6 2430
2004 rpt 10.22 64.58 0.0957 0.511255 9 1722 0.510171 0.510410 -5.0 2430
2008B* 6.50 42.30 0.0926 0.511176 9 1715 0.510131 0.510419 -5.9 2490
2007A 10.71 64.87 0.0998 0.511312 10 1722 0.510182 0.510410 -4.8 2470
Table 2.7. Results of Sm-Nd isotopic analysis for this study. Samples analysed by Dr Roland Maas at
Melbourne University (MU) except for * analysed at University of Adelaide (UAd). Analysis parameters
for MU are: La Jolla = 0.51186; 
Sm/
Nd CHUR = 0.1967;

Nd/
Nd CHUR = 0.512638.
Parameters for UAd: 
Nd/
Nd = 0.7219; La Jolla = 0.51186.
Initial 
Nd/
Nd = (
Nd/
Nd –

Sm/
Nd)(e
t – 1).
ICHUR =

Nd/
Nd ratio of CHUR at age of formation = ICHUR –

Sm/
Nd CHUR(e
t – 1).
 = ((

Nd/
Nd/ICHUR) – 1) x 10
.
Model age = 1/·ln((
Nd/
Nd–ICHUR)/(

Sm/
Nd–

Sm/
Nd CHUR)+1) (Goldstein et al. 1984)
2.7 Pb ISOTOPES
Lead isotopes were analysed in three samples of the Paxton Granite, discussed in detail in
Chapter 17.2. K-feldspar was separated from samples 2004 (monzogranite) and 2005D
(quartz monzonite). K-feldspar in 2008B (syenogranite) appeared altered, and were not ana-
lysed because of the expectation that they would contain additional Pb (Ludwig & Silver 1977,
Housh & Bowring 1991). Whole-rock powders of samples 2004, 2005D and the altered mon-
zogranite 2007A were also analysed (Table 2.8). A Pb isotope evolution curve was calculated
using the parameters of Cumming & Richards (1975) for K-feldspar sample 2005D (Table
17.4). This gave a model  (initial 238U/204Pb of source) of 11.60, which signifies a quite
evolved source. K-feldspars from two Hiltaba Association granites also analysed gave model
 values of 10.83 and 9.12 (Table 17.4). The K-feldspar and whole-rock powder analyses of
the Paxton Granite give an uranogenic 207Pb/206Pb isochron age of 1788 ± 91 Ma but with
very large MSWD of 24 (Figure 17.3). This age is within error of the SHRIMP zircon ages.
2.8 PETROGENESIS OF THE PAXTON GRANITE
Zircon saturation calculations indicate high melt temperatures (>825 °C). The granite has
high HFSE, LREE, and K, is marginally alkali although can be classified as calc-alkaline, and
plots in the A-type field of Eby (1990, Figure 2.5O), however the granite has low Fe/Mg.
Numerous authors have previously commented on the difficulty of distinguishing fraction-
ated I-type granites from A-types granites (e.g. Creaser et al. 1991, King et al. 1997, 2001).
Rather than an A-type classification (Loiselle & Wones 1979), a fractionated high-
temperature I-type granite (Chappell et al. 2004) classification is prefered. Whole-rock
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Sample Material


Pb/


Pb


Pb/


Pb


Pb/


Pb
2004 kfs 15.787 15.328 35.48
2005D kfs 15.738 15.314 35.416
2004 wr* granite wr 19.36 15.707 40.764
2004 wr* granite wr 19.359 15.707 40.764
2004 wr* granite wr 19.356 15.706 40.764
2005D wr* granite wr 17.783 15.536 38.774
2007A wr* granite wr 16.972 15.455 37.211
2004 wr 19.39 15.717 93.113
2005D wr 17.826 15.548 102.789
2007A wr 16.998 15.464 75.55
U, ppm Pb, ppm


U/


Pb
2004 wr 4.83 28.55 11.219
2005D wr 3.15 28.77 6.897
2007A wr 4.6 86.14 3.257
Table 2.8. Pb isotope results of the Paxton Granite. Analysed by R.
Maas, University of Melbourne. * = unspiked.
Fe2+/Fe3+ ratios (Figure 2.5D) indicate that the granite is oxidised, as does the assemblage
titanite + magnetite + quartz + hornblende (Wones 1989). The Paxton Granite has high
Rb/Sr (Figure 2.5L), and is fractionated: plagioclase, hornblende and biotite were early crys-
tallising phases in the quartz monzonite, whereas biotite and orthoclase became more domi-
nant at later stage of solidification. Convective fractionation processes (Sparks et al. 1984,
Wyborn et al. 2001) are inferred to have operated and resulted in accumulation of orthoclase
in some of the more felsic parts of the Paxton Granite. Aluminium-in-hornblende composi-
tions (Hammarstrom & Zen 1986) suggest emplacement pressures of 4.4 ± 0.6 kbar for the
monzogranite phase, and about 2.4 ± 0.4 kbar for the quartz monzonite. This range of values
is within the ±3 kbar accuracy of the geobarometer (Hammarstrom & Zen 1986) meaning
that no importance needs to be placed on the difference. At 4.5 kbar and 800 °C, the melt can
be estimated to have contained ~4 wt% H2O by comparison to the work of (Holtz et al. 2001).
The Nd values of ~–4.6 for the majority of the Paxton Granite samples necessitate a large
crustal component. The  value (i.e. initial 238U/204Pb) is quite high, again indicating an
evolved, not mantle, source. A Cumming & Richards (1975) model (Table 17.4) gives  values
of 12.03 for the monzogranite, and 11.60 for the quartz monzonite. These values are higher
than for either the Kychering or Pegler Granites of the HAG, and this reflects a more evolved
source. Average crustal residence ages for the Paxton Granite source, estimated by the single-
stage model of Goldstein et al. (1984), are ~2430 Ma, >700 My older than the intrusion age of
the granite.
The pattern of LREE-enrichment HREE-depletion (Figure 2.5) could be explained by small
degrees of partial melting from a primitive mantle source (e.g. Figure 4.36 Rollinson 1993),
but this is not compatible with the negative Nd values, evolved initial U/Pb of the source, the
negative Eu anomaly, or the Sr-depleted Y-undepleted signature of the Granite. Rather, the
Sr-depleted, Y-undepleted character infers a plagioclase-stable source region, and that the
melt was formed at ~15 kbar pressure if slightly hotter than 800 °C (Rapp et al. 1991, Skjerlie
& Johnston 1996, Patiño Douce 2005). This pressure and temperature also approximates
amphibole- and biotite-out reactions in metavolcanoclastic rocks (Skjerlie & Johnston 1996)
which may explain the high K composition of the Paxton Granite. A depth of melting of <50
km at a temperature of ~850 °C requires a geothermal gradient of 17 °C.km-1. The I-(gra-
nodioritic) character suggests an I-(tonalitic) source rather than direct mantle derviation
(Chappell & Stephens 1988, Patiño Douce & Beard 1995, Singh & Johannes 1996a & b). The
HREE-depleted pattern suggests that the source may have itself been formed with a garnet-
stable residue. Depletion of the TNT group suggests a residual Fe-Ti oxide phase.
Primordial mantle-normalised trace element variation diagrams for the Paxton Granite (Fig-
ure 2.5) are marked by low Nb, Ta, Ti, Sr and P, and high Th, U, Ce and Y. Kemp & Hawkes-
worth (2003) suggest that these patterns are typical of continental crust that has evolved
through subduction processes at some stage in its development.
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3.1 INTRODUCTION
Both the Paxton Granite and Tarcoola Formation are intruded throughout the Tarcoola
Goldfield by dykes of the Lady Jane Diorite (new name). These dykes are narrow, with inter-
section widths in drill core of generally less than two metres, and rarely up to five metres. The
dykes range in grainsize from aphanitic at contacts with country rock to fine grained in the
centre of wider dykes.
The fine grainsize prohibits classification by the modal QAP system of Le Maitre et al. (1989).
Samples of the dykes plot in the region of the basaltic trachyandesite – trachyandesite – basal-
tic andesite – andesite join on the Le Maitre et al. (1989) TAS diagram. However, a plutonic
classification is prefered as there is no evidence for volcanic equivalents to the dykes at Tar-
coola, although the presence of amygdales does indicate a shallow level of emplacement. On
the Cox et al. (1979) TAS diagram for plutonic rocks the samples plot in the diorite and syeno-
diorite fields (below). The dykes have a high-K composition, hence are classified as high-K
microdiorites.
A sample of hornblende from sample 2008A was dated by the  Ar/Ar method at 1582 ± 5
Ma, interpreted as the age of intrusion (Chapter 15, Budd & Fraser 2004). The dykes are syn-
chronous with mineralisation.
3.2 PETROGRAPHY
Nine samples were taken, from dykes ranging in width from ten centimeters to <5 m. The
diorite samples have a range of grainsize from aphanitic to fine-grained. This series is a func-
tion of dyke thickness, with the coarsest samples only developing at the center of thicker
dykes. The aphanitic samples are chill margins to the dykes, while some samples are transi-
tional between the two.
As well as differences in texture, there are differences in mineralogy reflecting local variances
in water content during cooling. This means that in some samples, amphibole is the stable fer-
romagnesian phase (e.g. 2007D, 2008A), whereas in others it is pyroxene (e.g. 2002E) (Fig-
ures 3.1 & 3.2). In the coarser samples, the ferromagnesian minerals are porphyritic. The gen-
eral mineralogy is: ferromagnesian phase as both phenocrysts and fine grains, fine elongate K-
feldspar, quartz, apatite and magnetite. Plagioclase is minor. Olivine may have been present in
some samples and has been pseudomorphed by epidote. Chlorite, epidote and carbonate are
common alteration products, with some pyrite. Electron microprobe analyses by Cameca
SX100 at the Research School of Earth Sciences, Australian National University, shows that
the porphyritic and fine-grained hornblendes in 2008A have very similar compositions, and
can be classified as (ferroan) pargasitic hornblende under the scheme of Hawthorne (1981)
(Table 3.1).
The texture is fine-grained (individual crystals just identifiable in the coarsest hand samples)
seriate (hornblende and pyroxene vary in grainsize) intergranular. Some glass may have been
present, however this is now chloritised. Coarser samples contain amygdales up to 1 cm
across. These are often rimmed by granophyric or spherulitic textured feldspar+quartz inter-
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growths, interpreted to represent late stage residual melt (Figure 3.2). Most of the amygdales
are now carbonate-filled, while the rims are reddened by hematisation.The amygdales, along
with the glassy and porphyritic texture, are indicative of a shallow level of emplacement.
There is no growth alignment, indicating no deformation during cooling. In places the dykes
are unaltered, elsewhere they are altered, including being brecciated and infilled by what
appears to be a less-viscous phase of the intermediate magma (Figure 3.3). Contacts exposed
in drill core between the diorite and the Paxton Granite vary between linear and convoluted
(Figure 3.3). It appears that the narrow dykes had insufficient heat and volatiles to cause much
alteration of the granite.
In places the dykes cross-cut altered zones of granite, and here they are themselves variably
altered (Figure 3.4). Elsewhere the dykes are cut by mineralised quartz veins (Figure 3.4).
These relationships indicate that successive phases of dyking occurred during and after min-
eralisation, and hence the intrusion of the microdiorite is coeval with alteration and
mineralisation.
3.3 GEOCHEMISTRY
The results of seven analyses are presented in Table 3.2. Samples 2003I and 2009A are altered,
and are not discussed further here. Under the Frost et al. (2001) scheme, the Lady Jane Diorite
is magnesian, alkali-calcic to calc-alkalic, and metaluminous (Figure 2.5A, B & C). It is oxi-
dised (Figure 2.5D). On the AFM diagram, it falls in the calc-alkaline field (Figure 2.5E). On
the KO-SiO diagram it is high-K (Figure 2.5G). On the volcanic TAS diagram of Le Maitre
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Figure 3.3. Top: Some of the intrusive contacts of the Lady Jane Diorite are quite convoluted. GP033RD
212 m depth. Bottom: The same conduits appear to have occasionally been re-used by successive stages
of diorite intrusion. The dark green patches are interpreted to be an early phase, which has been brecci-
ated by a later, paler-green phase. The later phase appears to have been volatile-rich, shown by the hema-
tised quartz-feldspar breccia infill. All drill core is ½NQ core, 5 cm wide.
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Figure 3.4. Crosscutting relationships of the Lady Jane Diorite. Top: relatively unaltered diorite intrudes
strongly altered granite. GP029RD 144 - 156.9 m. Bottom: Diorite dykes have been crosscut by minerali-
sation and strongly altered. All drill core is ½NQ core, 5 cm wide.
et al. (1989) (Figure 3.5A) it falls in the basaltic trachyandesite - trachyandesite - basaltic andes-
ite - andesite fields. Le Maitre et al. (1989) classify rocks in the basalt trachyandesite field hav-
ing NaO - 2 < KO as shoshonites. Samples 2002E & 2007B meet these criteria: also, on the
KO vs SiO plot samples 2002E, 2007B, 2007C and 2008A are classified as shoshonites.
On the plutonic TAS diagram of Cox et al. (1979) (Figure 3.5B) two samples plot in the diorite
field, two in the syeno-diorite field, and one in the gabbro field. Only two samples are slightly
above the alkaline-subalkaline divide of Miyashiro (1978). The dykes are classified as diorites
based on this plot.
On the primordial mantle-normalised spidergram of McDonough et al. (1992) (Figure 3.5C)
there is a depletion in Ta, Nb, Ti (TNT group), Th, U & Sr, and a slight depletion in P. Zr &
Hf are not depleted, indicating a de-coupling in the behaviour of the HFSE during partial
melting and/or crystallisation. Alternatively, Zr & Hf may be slightly enriched due to wall
rock contamination with zircon from the host Paxton Granite.
On the chondrite-normalised REE spidergram of Taylor & McLennan (1985) (Figure 3.5D),
the LREE are enriched relative to the HREE, with a slight negative Eu anomaly.
3.4 GEOCHRONOLOGY
Hornblende was separated from sample 2008A (Figure 3.2, Table 3.1). This sample contains
both medium-grained and very fine-grained hornblende, both of which are mostly unaltered,
with just minor chlorite alteration. The hornblende was dated by the  Ar/Ar method by Dr
Geoff Fraser of Geoscience Australia at the Reasearch School of Earth Sciences, Australian
National University. The hornblende gave a good step heating plateau (Figure 15.6), and an
age of 1582 ± 5 Ma, interpreted as the age of crystallisation. This data is presented in full in
Chapter 15, and in Budd & Fraser (2004).
Chapter 15 details the implications of this date, and those obtained from  Ar/Ar dating of
four alteration sericites. One of the important aspects to the conclusion that intrusion of the
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Table 3.1. Hornblende composition of the  Ar/Ar dated sample 2008A, measured by the ANU RSES
Cameca SX100 electron microprobe with the assistance of Drs Nick Ware and Ashley Norris. Calculated
on the basis of 23 oxygens. Cations assigned in the order T > (M1,M2,M3) > M4 > A sites, with the
assumption that: Al = 8 - Si; Al = Al - Al
; all Mg assigned to (M1,M2,M3) site; Fe	 in (M1,M2,M3)
= 5 - (Al+Mg+Ti); all Mn in M4 site; Fe	 in M4 site = Fe	

 - Fe
	
; Ca in M4 site = 2 -
(Mn+Fe	 ); Ca in A site = Ca

 - Ca . P(kbar) = -3.92 + 5.03Al (Hammarstrom & Zen 1986).
Lady Jane Diorite was synchronous with gold-related hydrothermal alteration is the mutually
crosscutting relationships of alteration and dyking. This is shown in Figure 3.4, where sulfide-
bearing veins are seen crosscutting unaltered diorite, and where an unaltered dyke is seen
crosscutting strongly altered granite.
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Sampno 2002E 2003I 2007B 2007C 2007D 2008A 2009A
SiO  53.49 49.05 47.47 53.13 53.74 51.26 58.39
TiO  1.01 0.87 1.07 1.00 0.96 1.07 0.96
Al O 13.36 12.97 14.84 13.83 13.53 13.70 13.13
Fe O 3.80 1.56 1.87 2.73 3.02 3.64 2.64
Fe O 8.39 8.99 10.36 8.66 8.43 9.72 8.49
FeO 4.13 6.69 7.64 5.33 4.86 5.47 5.26
MnO 0.15 0.20 0.37 0.20 0.16 0.18 0.13
MgO 5.13 6.23 5.03 4.97 5.91 5.73 6.14
CaO 5.84 7.22 6.65 5.63 6.71 6.52 1.75
Na O 2.59 0.82 1.16 2.67 2.98 3.16 2.30
K O 3.63 3.89 4.40 3.29 2.64 2.93 2.79
P O 0.31 0.23 0.30 0.28 0.27 0.30 0.29
H O– 2.26 4.35 4.28 2.67 1.89 2.48 2.98
CO  2.45 4.21 3.44 2.62 1.98 2.41 0.38
LOI 5.75 9.00 7.60 5.96 4.41 5.02 4.05
Total 99.19 98.72 98.40 99.02 99.18 98.98 97.84
As 1.7 4.1 3.1 1.8 1.6 2.6 1.5
Ba 972 843 1305 865 812 1033 766
Be 2.7 2.5 3.6 2.9 2.3 2.1 2.1
Ce 66.21 51.7 63.21 56.66 57.79 54.71 53.43
Cr 251 323 240 208 265 191 359
Cs 3.51 2.24 3.86 3.71 1.43 2.69 1.08
Cu 55 70 70 65 61 83 44
Dy 4.67 4.5 5.66 4.68 4.56 4.69 4.7
Eu 1.709 1.455 1.864 1.448 1.44 1.688 1.79
F 1580 1994 1262 1093 802 886 3033
Ga 17 16.4 23.1 17.6 17.1 17.2 19.6
Gd 6.18 5.5 7.13 5.71 5.63 6.07 6.25
Hf 4.3 3.1 4.4 4.1 4.1 3.6 4.3
La 33.04 24.6 28.93 27.29 27.78 26.51 23.95
Lu 0.34 0.32 0.45 0.4 0.4 0.35 0.34
Mo 2.7 3.9 3.2 1.9 2.2 2.4 2.5
Nb 11.2 7.4 10.9 10.4 9.9 9.5 10.5
Nd 30.17 24.91 34.6 28.39 27.43 28 29.05
Ni 63 60 57 54 63 54 77
Pb 14 34.9 79 16.6 11.5 13.9 12.1
Rb 139.8 208.7 229.4 134.1 87.6 87.8 108.3
S 0.1 0.31 0.479 0.168 0.053 0.167 1.359
Sb 0.3 0.6 0.3 0.3 0.3 0.2 0.3
Sc 25 30 29 27 25 30 27
Sm 6.38 5.2 7.35 5.63 5.55 5.96 6.37
Sn 2.2 3.9 2.8 2.6 2.6 2 2.7
Sr 480.3 275.2 131 287.4 403.7 456.2 152.8
Ta 0.8 0.5 0.7 0.7 0.7 0.6 0.8
Tb 0.93 0.84 1.11 0.89 0.88 0.92 0.96
Th 7.4 4.1 5.9 5.6 5.6 4.5 7.1
U 1.79 0.89 1.84 1.35 1.42 0.94 1.76
V 212 228 231 215 198 235 179
Y 24.8 25.3 34.7 27.3 25.6 25.9 25.6
Yb 2.2 2.08 2.87 2.58 2.35 2.36 2.24
Zn 80.1 86.8 197.2 116.3 75.5 94.6 143.7
Zr 177 126 174 166 163 148 169
Table 3.2. Analyses of the Lady Jane Diorite. 2003I & 2009A are altered. Sam-
ple details in Appendix I, methods and detection limits given in Appendix IV.
3.5 Nd ISOTOPES
One sample (2007D) of unaltered diorite was analysed for Nd isotopes at the University of
Adelaide. One additional sample of pyritised diorite (2009A) was analysed at the University of
Melbourne. Results are given in Table 3.3, analytical methods in Appendix IV. Epsilon Nd
was calculated at 1580 Ma to be +0.19 (2007D) and -0.04 (2009A). The single-stage (Gold-
stein et al. 1984) model age for both samples is 2.14 and 2.20 Ga respectively, and the two-
stage model age is ~2.07 Ga. Note that although sample 2009A is chemically and mineralogi-
cally altered, including the introduction of pyrite, the Sm-Nd isotope system appears to be
undisturbed at this scale.
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Figure 3.5. Selected geochemical plots of the Lady Jane Diorite. Open squares are unaltered samples,
filled squares are seen to be significantly altered in thin section. Altered samples are dashed lines on
spidergrams. Primordial mantle normalisation values of McDonough et al. (1992), except P Sun (1980),
quoted in Rollinson (1993), chondrite values from Taylor & McLennan (1985).
3.6 PETROGENESIS
Figure 3.6 plots selected Gawler Range Volcanic basaltic to andesitic rocks (including the
Lady Jane Diorite), against oceanic basalts on a primordial mantle normalised trace element
variation diagram (PNM) and chondrite normalised REE diagram. Compared to average
Ocean Island Basalt (OIB), normal Mid-Ocean Ridge Basalt (N-MORB) and enriched Mid-
Ocean Ridge Basalt (E-MORB) compositions (Sun & McDonough 1989) (Figure 3.6), the
Lady Jane Diorite and other Gawler Range Volcanic basalts are superficially most similar to
OIB. Also plotted are average PAAS (post-Archaean average shale, McLellan 1989) and
MUQ (Mud from Queensland, weathered young upper continental average, Kamber et al.
2005), and average Mesozoic Tasmanian Dolerites, thought to represent low-Ti flood basalts
derived from variably depleted sub-continental mantle basalts enriched by subducted sedi-
ment (Hergt et al. 1989, 1991). The GRV basalts (including the Lady Jane Diorite) have higher
Cs, Rb, Th, U, K and Pb than OIB, and lower Ti-Nb-Ta (TNT), Sr, and Zr-Hf. However, the
GRV basalts are higher than N-MORB in all elements plotted on the PNM, except Ti, Yb and
Lu. In general, GRV basalts show very similar patterns to the MUQ and Tasmanian Dolerite
patterns, although the Tasmanian Dolerites have lower abundances of most elements than
either MUQ or the GRV basalts. This indicates that crustal material is somehow involved in
the formation of both the Tasmanian Dolerites, and the GRV basalts.
Hergt et al. (1989) presented two options for the introduction of a crustal component in the
Tasmanian Dolerites: either (1) magmas were derived from the mantle and became contami-
nated during their ascent through the crust; or (2) a crustal component was introduced into
the mantle source during a process of subduction either contemporaneous with, or prior to,
the magmatism in the Mesozoic. Hergt et al. (1989, 1991) favoured the introduction of a small
amount ( 3 wt%) of sediment into a depleted mantle source by the process of subduction.
The Dolerites were then generated by ~30% partial melting of this source (Hergt et al. 1989).
Stewart (1994) suggested that the GRV basalts were a mixture of contemporaneous OIB or
MORB-like basalt, with an older enriched lithospheric source (see Chapter 9.5.3). Stewart
(1994) discounted high level crustal contamination on the grounds that the high MgO, Ni and
Cr values of the most primitive low phosphorous Gawler Range Volcanic basalts could not be
produced by such contamination. The near-zero  signature of the Lady Jane Diorite could
be caused by either derivation from a depleted mantle, or by mixing between a more positive
source and a crustal (negative) source, and so does not assist in discriminating between the
different models.
Frost et al. (2001) classify magnesian metaluminous calc-alkalic to alkali-calcic granitoids as
occuring in the main portion of Cordilleran batholiths, plutons inboard from Cordilleran
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Fieldid Sm Nd
 
Sm/
 
Nd
 
Nd/
 
Nd 2SE
Initial
 
Nd/
 
Nd Initial CHUR  	
 T T
2007D 5.6 27.4 0.1230 0.511893 8 0.510614 0.510604 0.2 2130 2060
2009A 6.31 29.05 0.1312 0.511967 10 0.510602 0.510604 0.0 2200 2080
Table 3.3. Neodymium isotope analyses for the Lady Jane Diorite. Sample 2007D is chloritised, but not
otherwise affected by the hydrothermal mineralisation event, whereas 2009A is pyritised: Nd isotopes
have not been much changed by this low intensity alteration. 2007D analysed at the University of Ade-
laide, 2009A analysed at the University of Melbourne. Analytical methods given in Appendix IV.9.
 Nd/  Nd (measured) corrected relative to La Jolla (Melb = 0.511860, UAd = 0.511845). CHUR
parameters for University of Melbourne are  Sm/  Nd = 0.1967 and  Nd/  Nd = 0.512638. For both
labs, Nd mass bias was corrected to  Nd/  Nd = 0.7219. T = linear depleted mantle model of Gold-
stein et al. (1984). T = two stage model, assuming a
 Sm/  Nd ratio of 0.11 before melting to elimi-
nate fractionation due to partial melting and/or crystallisation effects (Shen-Su Sun, pers. comm., see also
Smithies et al. 2005).
batholiths, or plutons associated with delamination of overthickened crust. Wilson (1989)
exclusively places calc-alkaline granitoids in convergent margins, either island arc or active
continental margins. On the tectonic discriminant diagrams of Pearce et al. (1984) (Figures
3.5E & F) the Lady Jane Diorite plots in the Volcanic Arc Granite fields. Such classification
schemes need to be used with caution, because of numerous problems. For example, trace
element signatures can be caused by processes rather than source controls (e.g. Arculus 1987).
As the origin of the mafic parts of the GRHVP is not the main subject of this thesis, no fur-
ther attempt has been made to identify the primitive and evolved end-members, and the
mixing process leading to the formation of a parental magma to the basalts. Some further dis-
cussion of other workers’ results is given in Chapter 9.
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Figure 3.6. Primordial mantle trace element variation diagram (top) and chondrite normalised Rare Earth
Element variation diagram (bottom) comparing the Lady Jane Diorite and other Gawler Range Volcanic
basaltic rocks in the Tarcoola – Lake Everard region against oceanic basalts, Tasmanian Dolerites, and
MUQ and PAAS revervoirs. OIB, N-MORB, E-MORB, primordial mantle and chondrite concentrations
from Sun & McDonough (1989). Tasmanian Dolerites concentration from Hergt et al. (1991). MUQ
(Mud from Queensland) estimate of weathered young upper continental crust from Kamber et al. (2005).
PAAS (post-Archaean average shale) from McLennan (1989).
4.1 INTRODUCTION
Of the approximately 25 granite plutons sampled in the Tarcoola region during July-August
2001 (Figure 6.1), six plutons, including the Paxton Granite at the Tarcoola Goldfield, were
selected for dating by the SHRIMP zircon method.
Prior to this work, the available geochemistry of the granites in the Tarcoola region showed
relatively little variation, and there was little reason to doubt that the ~1578 Ma age of Fan-
ning (1997) for granite at Tarcoola was not representative of most of the other granites in the
area. The dating of the Paxton Granite at ~1720 Ma brought the realisation that not all of the
granites in the area belonged to the Hiltaba Association Granites (HAG), and forced a re-
evaluation of the geochemistry. Despite the significant age difference between the Paxton
Granite and HAG, the granites have only slight geochemical differences, and it was apparent
that further dating needed to be carried out in the region to firstly determine which of the
sampled plutons were indeed Hiltaba age as initially thought, and whether other granites of
the Paxton Granite age were to be found in the region. The geochronological data available at
the time suggested that the Hiltaba Association Granites host to iron-oxide Cu-Au (IOCG)
mineralisation in the eastern part of the Craton were slightly older than the Au-associated
granites in the central area. The dating described here shows that this is not the case, and that
both old and young members of the HAG can occur in the one area. It must be pointed out,
however, that the two age groups obtained by SHRIMP dating are nearly within error of each
other (Table 4.1).
4.2 PREVIOUS WORK
In addition to the date of granite at Tarcoola by Fanning (1997), other dating that had previ-
ously been done in the area included early Ar-Ar and Rb-Sr work by Webb et al. (1986).
Whole-rock–mineral isochrons were assembled from multiple plutons, including analyses
from the Kychering Granite, and from granite at Tarcoola, and Mulgathing Rocks near Mul-
gathing homestead. However, this and other Rb-Sr dating of granites throughout the craton
returned ages that are too young as shown by zircon SHRIMP dating, pointing to a craton-
wide resetting of the Rb-Sr system.
Teasdale (1997) dated a sample from Wynbring rocks at 1691 ± 10 Ma by SHRIMP, but there
are no chemical analyses available for this sample. Fanning (1997) dated samples from the
Symons Granite (1684 ± 10 Ma) and the Ealbara Rhyolite (1589 ± 16 Ma). Appendix III lists a
compilation of available geochronology for the Gawler Craton (excluding Rb-Sr analyses).
4.3 THIS STUDY
Seven intrusive units were dated during this study, six of them by the SHRIMP method (Table
4.1). Three samples of the Paxton Granite at Tarcoola were dated by SHRIMP, and are
described in Chapter 2. Hornblende from a sample of the Lady Jane Diorite was dated by the
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Granites in the Tarcoola region
 Ar/Ar method (Chapter 15). The five other plutons dated in this study are the Kychering
(sample 2167), Ambrosia (2178), Pegler (2193), Partridge (2144) and Big Tank (2131) plutons.
The results for these five samples are presented below.
4.3.1 Analytical conditions
These five samples were all dated by the SHRIMP zircon method, which is described in
Appendix IV. The Kychering and Pegler Granites were dated by the author over two sessions
during May and June 2003 on SHRIMP I. Zircons from these granites were included with
those of the Paxton Granite on mount Z4124 (Table 4.1). The Partridge, Big Tank and
Ambrosia Granites were dated by Dr Oliver Holm (Geoscience Australia) in two sessions in
December 2003 on SHRIMP I and SHRIMP RG. Zircons from these granites were included
with those of the Peela Conglomerate Member on mount Z4277 (Table 4.1).
Machine operating conditions for the May and June sampling sessions were mostly stable,
although a problem occurred with the secondary beam monitor during the last few hours of
the June session necessitating the rejection of some data. External spot-to-spot errors for the
May session were 7.08% and for the June session 4.09%. Machine stability during the Decem-
ber sessions was stable (Holm). External spot-to-spot errors for the December SHRIMP 1
session were 4.47%, and for the SHRIMP RG session 6.52% (Holm, Table 4.2). The prefered
upper threshold for the external spot-to-spot error for SHRIMP I is 5% (2) and for
SHRIMP RG is 2% (2) (Holm). Therefore the calibration for the May SHRIMP I and the
December SHRIMP RG sessions may be considered poor, resulting in wider error bars for
the Pb/U age, but this does not affect the Pb/Pb age (Holm).
Standard ages of 1842.5 ± 4.7 Ma and 1846.0 ± 4.7 Ma were obtained for the May and June
SHRIMP sessions, respectively (Figure 4.1A, B). The Pegler Granite 2193 was analysed dur-
ing both of these sessions, so to deal with variations in primary beam conditions and machine
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Sample Name Age Error MSWD Mount Prob. Dates Spots
2004 Paxton MZG 1722.3 3.9 1.17 Z4124 0.23 25-26/06/03 32 / 32
2005D Paxton QMZN 1718.6 2.9 0.83 Z4124 0.71 26-27/06/03 27 / 71
2008B Paxton SYG 1715.1 3.2 0.83 Z4124 0.73 10-12/05/03 30 / 42
2167 Kychering 1574.7 4.3 0.83 Z4124 0.76 10-13/05/03 41 / 50
2193 Pegler 1591.7 5.8 1.03 Z4124 0.41 10-14/05/03, 28/06/03 54 / 68
2131 Big Tank 1589.8 7.4 0.96 Z4277 0.50 03-05/12/03, 09-10/12/03 17 / 31
2144 Partridge 1577 8.5 1.16 Z4277 0.31 03-05/12/03, 09-10/12/03 13 / 31
2178 Ambrosia 1575.4 7.8 0.95 Z4277 0.51 03-05/12/03, 09-10/12/03 17 / 31
Table 4.1. Results of SHRIMP analyses of granites in the Tarcoola region conducted for this study. See
Table 4.2 for standard results including mass fractionation correction factor applied. Data in Appendix III.
Mount
Analysis
date
Ana-
lyst
Mach Spots Age Error MSWD Prob.
Mass
correction
factor
External
spot-spot
error
Z4124 10-14/05/03 Budd 1 38 / 42 1849.9 4.2 1.4 0.05 1.00434 7.08%
Z4124 25-28/06/03 Budd 1 24 / 34 1849.9 3.5 0.91 0.58 1.00233 4.09%
Z4277 03-05/12/03 Holm 1 18 / 23 1849.9 5.7 0.72 0.78 1.0014 4.47%
Z4277 09-10/12/03 Holm RG 10 / 12 1849.8 3.4 1 0.44 1.0037 6.52%
Table 4.2. Results of concurrent QGNG standard analysis. Nominal age is 1850 Ma, mass correction fac-
tor applied in order to combined analyses of unknowns conducted over more than one session. Mach =
SHRIMP 1 or RG.
calibration, a mass fractionation correction has been applied to the Pb/Pb ratios of the
standards and unknowns of both of the sessions so that the data can be combined. The cor-
rection factor is calculated based on the variation in the standard age from the nominal age of
1850 Ma. These corrections were applied to all of the data from these sessions (including the
Paxton Granite samples and the Kychering Granite), and Table 4.1 lists the ages calculated
this way, and Table 4.2 lists the correction factors and other concurrent standard data. Figures
4.1A and B show the weighted mean Pb/Pb age diagrams for the standard zircons from
these sessions.
Mass fractionation corrections were also applied to the December SHRIMP I and RG ses-
sions, as each sample was analysed during both sessions (Holm, see Table 4.2 for correction
factors). Figures 4.1C and D show the weighted mean Pb/Pb age diagrams for the stan-
dard zircons from these sessions.
4.3.2 2131 Big Tank Granite
The following description was provided by Dr Oliver Holm (GA).
Grains in the sample are predominantly stubby, and range in shape from subhedral to euhe-
dral with concentric zoning evident in approximately 30% of the zircons observed (Figure
4.2). Well developed crystal terminations are common. A small number of grains are subangu-
lar to angular, anhedral grains. Approximately 60% of the zircons in the sample are clear and
colourless, with the remainder having a weak brown colouring not related to metamictisation
or fracturing. Some metamict grains are present (5%). These grains have a brown tinge
accompanied by radiating fractures. Fractures are not common in other grains that lack evi-
   	
 	 
   	 
   
    
Figure 4.1. Weighted mean  Pb/ Pb age diagram for standards analysed during (A) May 2003
SHRIMP 1 session, (B) June 2003 SHRIMP 1 session, (C) December 2003 SHRIMP 1 session, and (D)
December 2003 SHRIMP RG session.
A B
C D
dence of metamictisation. Around 60% of grains have inclusions, about 60% of which are
either clear or dark brown in colour and rounded, possibly being trapped silicate liquid, the
remainder mostly being needle-like in shape and probably apatite.
In cathodoluminesence imagery, zircons mostly show distinct concentric zonation (Figure
4.2). The zonation is predominantly finely developed, with limited contrast in U-rich and U-
poor layers. In 10% of grains, changes in U-rich and U-poor zones are well defined by notable
changes in composition. In these grains, zones are significantly thicker than in the majority of
zircons in the sample. Variation in cathodoluminescence was not reflected in age variation of
the zircons.
Thirty-one analyses of the QGNG standard were interspersed with 35 analyses of the
unknown Big Tank Granite sample (Table AIII.5). After exclusion of analytical results with
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Figure 4.2. Selection of zircons from samples 2131, 2144 & 2178 on mount Z4277 analysed by Dr Oliver Holm.
high common Pb, discordance greater than 10%, and anomalous U and Th/U ratios, 17
analyses were included in the final dataset. The 17 analyses yield Pb/Pb ages that are
within error of each other (MSWD = 0.96, probability of equivalence = 0.5) and produce a
weighted mean age of 1589.8 ± 7.4 Ma (Figures 4.3A, B).
The normal distribution of the zircon ages in the Big Tank Granite (Figures 4.3A, B) is indica-
tive of the grains being derived from a single population. The lack of evidence of inheritance,
uniformity in grain morphology (mostly sub- to euhedral) and cathodoluminescence response
(absence of recrystallisation or metamorphic overgrowths) suggests the zircons are magmatic
in origin, and provide the crystallisation age of the Big Tank Granite.
4.3.3 2144 Partridge Granite
The following description was provided by Dr Oliver Holm (GA).
Grains in the sample are predominantly stubby, and range in shape from subhedral to euhe-
dral with concentric zoning evident in approximately half of the zircons observed (Figure
4.2). A small number of grains are subangular to angular, anhedral grains. Approximately half
the zircons in the sample are clear in colour, and half have a weak brown colouring not related
to metamictisation or fracturing. Some metamict grains are present (5%). These grains have a
faint brown tinge accompanied by radiating fractures. Fractures are not common in other
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Figure 4.3. Weighted mean age (A - left) and concordia diagram (B - right) for SHRIMP analyses of Big
Tank Granite sample 2131, analysed by Dr Oliver Holm on SHRIMP I & RG, December 2003.
A
B
Figure 4.4. Weighted mean age (A - left) and concordia diagram (B - right) for SHRIMP analyses of Par-
tridge Granite sample 2144, analysed by Dr Oliver Holm on SHRIMP I & RG, December 2003.
A
B
grains lacking evidence of metamictisation. More than half of the grains contain inclusions,
with many of the grains having multiple. The majority of the inclusions are rounded and may
be silicate inclusions, about a quarter are acicular and probably apatite, and a single large fluo-
rite inclusion was seen but this may have been an adjoining grain rather than an inclusion.
In cathodoluminesence imagery, zircons mostly show distinct concentric zonation (Figure
4.2). The zonation is predominantly finely developed, with limited contrast in U-rich and U-
poor layers. In 10% of grains, marked changes in U-rich and U-poor zones are evident. In
these grains, zones are significantly thicker than in the majority of crystals in the sample.
Variation in cathodoluminescence was not reflected by an age variation of the zircons.
Thirty-one analyses of the QGNG standard were interspersed with 35 analyses of the
unknown Partridge Granite sample (Table AIII.6). After exclusion of analytical results with
high common Pb, discordance greater than 10%, and anomalous U and Th/U ratios, 13
analyses were included in the final dataset. The 13 analyses yield Pb/Pb ages that are
within error of each other (MSWD = 1.16, probability of equivalence = 0.31) and produce a
weighted mean age of 1577.0 ± 8.5 Ma (Figure 4.4A).
The normal distribution of the zircon ages in the Partridge Granite (Figures 4.4A, B) is indica-
tive of the grains being derived from a single population. The lack of evidence of inheritance,
uniformity in grain morphology (mostly sub- to euhedral) and cathodoluminescence response
(absence of recrystallisation or metamorphic overgrowths) suggests the zircons are magmatic
in origin, and provide the crystallisation age of the Partridge Granite.
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Figure 4.5. Selection of zircons from samples 2167 & 2193 on mount Z4124 analysed by the author.
4.3.4 2167 Kychering Granite
Zircons in the Kychering Granite have a maximum observed length of 300 m and width of
150 m (Figure 4.5). The grains are commonly of a high aspect ratio up to 4:1 (length:width),
with well-defined crystal terminations. Fine zoning is evident in both transmitted light and CL
images, with no evidence for inherited cores or overgrowths rims. Glassy/silicate inclusions
are moderately common, with opaque and acicular apatite inclusion less common, and what
appears to be trails or groups of fluid inclusions, rare. The grains are mostly very clear, with
only about a quarter being slightly clouded. There is no metamictisation apparent, and rela-
tively minor fracturing.
The cathodoluminescence images show strong, fine zonation, and a broad range in response
both between and within grains.
Forty-two analyses of the QGNG standard were interspersed with 50 analyses of the
unknowns during the May run (Table AIII.7). After rejection of spots with high common Pb,
high U, excess discordance or anomalous Th/U ratios, 40 analyses were used in the age calcu-
lation. The 40 analyses yield Pb/Pb ages that are within error of each other (MSWD =
0.83, probability of equivalence = 0.76) and produce a weighted mean age of 1574.7 ± 4.3 Ma
(Figure 4.6A)
The normal distribution of the zircon ages in the Kychering Granite (Figures 4.6A, B) is
indicative of the grains being derived from a single population. The lack of evidence of inheri-
tance, uniformity in grain morphology (mostly sub- to euhedral) and cathodoluminescence
response (absence of recrystallisation or metamorphic overgrowths) suggests the zircons are
magmatic in origin, and provide the crystallisation age of the Kychering Granite.
4.3.5 2178 Ambrosia Granite
The following description was provided by Dr Oliver Holm (GA).
Grains in the sample are stubby, and range in shape from subhedral to euhedral with concen-
tric zoning evident in approximately half of the zircons observed (Figure 4.2). The zircons in
the sample are predominantly clear in colour, although a minor proportion (15%) of grains
have a faint brown tinge accompanied by radiating fractures. These brown, fractured grains
are interpreted to be metamict grains. Fractures are common in other grains that display no
evidence of metamictisation. Less than half of the grains contain inclusions, just over half of
which are rounded and probably inclusions of silicate melt, about a third are acicular and
probably of apatite, and some appear to be groups or trails of fluid incluions.
In cathodoluminesence imagery, zircons range between having a dark response and being
uniform in composition with no evidence of zonation, to concentrically zoned highlighted by
U-rich and U-poor banding (Figure 4.2). The majority of grains are concentrically zoned. As
with the crystal morphology, variation in cathodoluminescence was not reflected in age varia-
tion of the zircons.
Thirty-one analyses of the QGNG standard were interspersed with 39 analyses of the
unknown Ambrosia Granite sample (Table AIII.8). After exclusion of analytical results with
common Pb greater than 0.50%, discordance greater than 10%, and anomalous U and Th/U
ratios, 17 analyses were included in the final dataset. The 17 analyses of the Ambrosia Granite
zircons yield Pb/Pb ages that are within error of each other (MSWD = 0.95, probability
of equivalence = 0.51) and produce a weighted mean age of 1575.4 ± 7.8 Ma (Figure 4.7A).
The normal distribution of the zircon ages in the Ambrosia Granite (Figures 4.7A, B) is
indicative of the grains being derived from a single population. The lack of evidence of inheri-
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tance, uniformity in grain morphology (sub- to euhedral) and cathodoluminescence response
suggests the zircons are magmatic in origin, and provide the crystallisation age of the Ambro-
sia Granite.
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Figure 4.6. Weighted mean age (A - left) and concordia diagram (B - right) for SHRIMP analyses of
Kychering Granite sample 2167, analysed by the author on SHRIMP I, May 2003.
Figure 4.7. Weighted mean age (A - left) and concordia diagram (B - right) for SHRIMP analyses of
Ambrosia Granite sample 2178, analysed by Dr Oliver Holm on SHRIMP I & RG, December 2003.
Figure 4.8. Weighted mean age (A - left) and concordia diagram (B - right) for SHRIMP analyses of
Pegler Granite sample 2193, analysed by the author on SHRIMP I, May & June 2003.
A
B
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B
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4.3.6 2193 Pegler Granite
Zircons from this sample have a moderate aspect ratio (< 3:1 l:w) and a maximum size of
~200 m, although unfractured grains may be bigger (Figure 4.5). The grains are mostly euhe-
dral in shape, but the facets are slightly rounded. They are mostly colourless, but few have per-
fect clarity. Most are unfractured, and there is no sign of metamictisation. Zonation is only
rarely seen in transmitted light, but can be seen in CL imagery. The zonation is not as fine as in
sample 2167, nor as strongly oscillatory. No inherited cores or overgrowth rims are dis-
cernable. Inclusions are present in about half of the grains, and comprise approximately equal
numbers of acicular apatite and rounded silicate melt. Opaque inclusions are rare.
CL imagery shows entire grains with a very low response, grains dominated by bright
response, and both grains with bright cores and darker rims and grains with dark cores and
brighter rims.
Forty-two analyses of the QGNG standard were interspersed with the analyses of the
unknows during the May run, and another 34 during the June run. Sixty-eight analyses of the
unknown were undertaken (Table AIII.9), 51 during May and a further 17 during June. In the
May run, it appeared possible that there were two age populations, with the younger popula-
tion having a slightly lower U content. Further analyses during June showed that there was no
significant age difference, and that the lower-U grains had wider error bars than the other
grains, but were still within error of the main population (Figure 4.8A). It proved impossible
to predict which grains would have low U from either the CL or transmitted light images, and
it was concluded that there was only one age population.
After rejection of spots with high common Pb, high U, excess discordance or anomalous
Th/U ratios, 54 analyses were used in the age calculation. The 54 analyses yield Pb/Pb
ages that are within error of each other (MSWD = 1.03, probability of equivalence = 0.41) and
produce a weighted mean age of 1591.7 ± 5.8 Ma (Figure 4.8A)
The normal distribution of the zircon ages in the Pegler Granite (Figures 4.8A, B) is indicative
of the grains being derived from a single population. The lack of evidence of inheritance, uni-
formity in grain morphology (mostly sub- to euhedral) and cathodoluminescence response
(absence of recrystallisation or metamorphic overgrowths) suggests the zircons are magmatic
in origin, and provide the crystallisation age of the Pegler Granite.
4.4 CONCLUSION
The five granites analysed fall into two distinct age brackets: ~1590 Ma & ~1575 Ma.
However, these ages are within error of each other. The discussion below regarding the
significance of the 15 My age gap between the 'young' and 'old' Hiltaba Association Granites
is presumptive of the weighted mean ages from the SHRIMP dating being precise.
The ages recorded for the five HAG samples dated here are close to both the maximum and
minimum age known for the Hiltaba Association (Appendix III). There is no correlation of
age with pluton distribution (Figure 6.7). This dating demonstrates conclusively that Hiltaba
Association Granites dated at ~1590 Ma are not restricted to the Olympic Domain.
Geochemistry, summarised in Chapter 5 and 6, shows that there is no significant difference in
composition between those plutons dated at ~1590 Ma and those dated at ~1575 Ma. This
dating, combined with the geochemistry, can be interpreted in several ways. Firstly, that two
pulses of felsic magmas occurred in the Tarcoola region, at ~1590 Ma and ~1575 Ma. The
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sources, depth of melting, and emplacement conditions must have been similar for each of
these two pulses, otherwise the granites would show more variation than they do. The second
possibility is that there was only one period of melting, and there was a (large) difference in the
cooling rates of the granites after emplacement, with those emplaced higher in the crust cool-
ing more quickly.
The first possibility is prefered, i.e. that the ages recorded are the intrusion ages. The zircon
age recorded by SHRIMP does not correlate well to grainsize for these five samples. Of the
'old' ~1590 Ma granites, 2193 is medium-grained with porphyritic KFS, and 2131 is fine
grained with miarolitic cavities. Of the 'young' ~1575 Ma granites, 2167 and 2178 are coarse-
grained, while 2144 is porphyritic, a texture widely regarded as indicative of rapid cooling.
SHRIMP dating of granites in the Tarcoola region by this and other studies show at least three
separate felsic intrusive events: the Paxton Granite at ~1720 Ma, the Symons and Wynbring
Granites at ~1680 Ma (Teasdale 1997 and Fanning 1997), and the Hiltaba Association
Granites at 1590 – 1574 Ma. The HAG is part of the broader Gawler Range–Hiltaba Vol-
cano–Plutonic event, which in the Tarcoola region includes the Lady Jane Diorite, the
Konkaby Basalt (undated) and the Ealbara Rhyolite (1589 ± 16 Ma, ID-TIMS, Fanning 1997)
and Carnding Rhyodacite (undated). In addition to the felsic-dominant magmatic events
listed above, the mafic Muckanippie suite has not been dated. It has been termed the
Muckanippie Diorite (Daly 1985) and the Muckanippie Anorthosite Suite (Hoatson et al.
2002).
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5.1 INTRODUCTION & SELECTION CRITERIA
This section is a geochemical comparison of the Paxton Granite and Hiltaba Association
Granites in the Tarcoola region. It also looks at whether or not the HAG should be further
subdivided based on age, given the ~15 million year difference identified between the Pegler
and Big Tank Granites at ~1590 Ma, and the Kychering, Ambrosia and Partridge Granites at
~1575 Ma (Table 4.1).
This definition of the Paxton Granite and Hiltaba Association Granites in the Tarcoola region
has been done using data only from this project. Other data has been ignored at this stage for
several reasons. Firstly, as will be shown below, the Paxton Granite is geochemically very
similar to the HAG, meaning that geochronology rather than geochemistry must be used as
the prime tool for distinguishing granites of different suites in the region. Secondly, all of the
analyses used are from the one laboratory, mostly eliminating issues of inter-laboratory varia-
tion. Thirdly, little associated information and no hand samples or thin sections are available
from previous studies.
5.2 PAXTON GRANITE vs SELECTED HILTABA ASSOCIATION
GRANITES
The Paxton Granite was described in Chapter 2. The five dated plutons of the HAG used in
this section (Ambrosia, Kychering, Partridge, Big Tank & Pegler) are described in Chapter 6.
Sample location information is given in Appendix I, and geochemical analyses in Appendix II.
The geochemistry of the granites is compared in detail here, and summarised in the
conclusion.
Frost et al. (2001) use a three-tiered classification scheme for granitic rocks. The first tier is the
Fe-number. There are two calculations of the Fe-number. The FeO/ (FeO+MgO) ratio is
preferred by Frost et al. (2001). However, where suites show widely variable Fe /Fe
because of late, subsolidus oxidation, the calculation Fe* as FeO/(FeO + MgO) is prefer-
able (Frost et al. 2001).
All but the most felsic samples of the HAG and Paxton granites considered here are magne-
sian on a plot of Fe-number (Figure 5.1A). The Paxton Granite generally has higher Fe-
numbers than the Hiltaba granites. No distinction can be made between the ~1575 Ma and
~1590 Ma Hiltaba granites. The Big Tank Granite has anomalously low Fe-numbers, due to
extreme oxidation which probably occurred subsolidus. Secondary hematite is observed in
some samples of this granite (see description below). Because of the variable Fe /Fe ratio
seen in the Big Tank Granite, Fe* has also been plotted (Figure 5.1B). This plot essentially
shows the same features as the Fe-number: the Paxton Granite is less magnesian than the
HAG; and very felsic Hiltaba Association granites become increasingly enriched in Fe com-
pared to Mg with differentiation.
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Chapter 5: Comparing the Paxton Granite against the
Hiltaba Association Granites in the Tarcoola region
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Figure 5.1 (part 1). Geochemistry of the Paxton Granite and dated granites of the HAG in the Tarcoola
region. Fields in A–C from Frost et al. (2001). Fields in D from Shand (1943): Shand ASI = Al/(Ca -
1.67P + Na + K). Fields in E from Blevin (2004). Fields in F from Peccerillo & Taylor (1976). k = K / (K
+ Na).
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Figure 5.1 (part 2). Geochemistry of the Paxton Granite and dated granites of the HAG in the Tarcoola
region. Fields in I from Cox et al. (1979).
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A-type granites characteristically have high Fe/(Fe+Mg) (Loiselle & Wones 1979, Whalen et
al. 1987, Haapala & Rämö 1990, Eby 1990, Creaser et al. 1991, King et al. 1997, Vander
Auwera et al. 2003) and Frost et al. (2001) use high Fe-number or Fe* to separate A-types from
other granites. An important point shown by this classification is that the granites of the HAG
in the Tarcoola region are not classified as A-type granites. Creaser & White (1991), Flint
(1993) and Creaser (1993) described the HAG and/or comagmatic Gawler Range Volcanics
from other areas of the Gawler Craton as A-type or anorogenic, a term frequently used to
connote A-type. The range of classifications that can be applied to various parts of the HAG
is discussed further in Chapter 9.
Both the Paxton and Hiltaba samples fall in the alkali-calcic and calc-alkalic fields on the
MALI (Modified Alkali-Lime Index: NaO + KO - CaO) plot (Figure 5.1C), the second tier
of the Frost et al. (2001) classification. Some of the spread at higher SiO values may be caused
by strong fractionation. The Paxton and HAG samples show increasing ASI (calculated by
the Shand formula Al/(Ca - 1.67P + Na + K)) with increasing SiO (Figure 5.1D). This is the
third classification tier of Frost et al. (2001). Above values of 70 wt% SiO all of the samples
have ASI > 1.0, and so are classified as peraluminous by Frost et al. (2001).
Under the classification scheme of Frost et al. (2001), both suites are magnesian, calk-alkalic to
alkali-calcic, and metaluminous to peraluminous. The Paxton Granite has distinctively higher
Fe-number than the HAG at equivalent SiO concentrations.
The redox scale of Blevin (2004) has been used (Figure 5.1E). On this plot, the Paxton Gran-
ite has a very wide spread, ranging from strongly oxidised to moderately reduced. This may
show that redox is more sensitive to alteration than Na (Chapter 13), possibly reflecting the
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Figure 5.1 (part 3). Geochemistry of the Paxton Granite and dated granites of the HAG in the Tarcoola
region. Fields in Q from Eby (1990).
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alteration of biotite and hornblende to magnetite, chlorite and quartz. The Pegler Granite
plots in the strongly oxidised field. Blevin (2004) notes that the boundary between moderately
oxidised and strongly oxidised correlates with the occurrence of the titanite-magnetite-
quartz-hedenbergite-ilmenite buffer (TMQHIL) of Wones (1989). The Pegler Granite con-
tains quartz, titanite and magnetite, and has a high magnetic signature on an aeromagnetic
image (Figure 6.1). The Big Tank Granite plots off-scale: as explained above, secondary
hematite is seen in some of the samples, indicating that subsolidus alteration has occurred. In
general, samples with total Fe as FeO < 2% do not plot in the appropriate fields (Blevin 2004),
and it is therefore difficult to properly categorise many of the Hiltaba samples.
The Paxton Granite can be differentiated from the Hiltaba granites considered here by their
Na:K abundances, although Na+K is similar. All of the granites are high-K, which is a com-
mon trait of Australian Proterozoic granites (e.g. Wyborn et al. 1992). The Hiltaba Association
granites have slightly lower KO than the Paxton Granite, but there is no consistent differ-
ence between the old and young Hiltaba samples (Figure 5.1F). The Paxton Granite has
higher K:Na than the HAG (Figure 5.1G, H), and both granites are alkaline by the classifica-
tion of Cox et al. (1979) (Figure 5.1I). There is no consistent difference between the ~1575 Ma
and ~1590 Ma granites of the HAG.
The Paxton Granite has lower Sr (and Ba - not shown) than the Hiltaba granites, although
there is some overlap at higher SiO. Rubidium concentrations are similar (Figure 5.1J). Both
Rb/Sr and K/Rb ratios (Figures 5.1K & L, respectively) show that all of the granites consid-
ered here are fractionated, and evolved. There is no consistent difference between the ~1575
Ma and ~1590 Ma age groups of the HAG.
The main monzogranite phase of the Paxton Granite is slightly higher in several of the HFSE
(Pb, Zr, Y, Ce, U, Th) than granites of the HAG with equivalent SiO (i.e. the Pegler and
Ambrosia Granites) (Figure 5.1M–P). However, the more fractionated parts of the Paxton
Granite generally have simlar HFSE to the felsic parts of the HAG, with the exception of Pb
and U, which are both higher in the Paxton Granite. Although there is no consistent differ-
ence in HFSE concentrations between ~1575 Ma and ~1590 Ma granites of the HAG, the
individual granites can be distinguished (e.g. Figure 5.1M).
On the HFSE vs. Ga/Al plot of Eby (1990) (Figure 5.1Q), the monzogranite phase of the
Paxton Granite plots in the A-type field, while most of the HAG and fractionated Paxton
samples plot in either the fractionated-granite or ordinary-granite (unfractionated I- or S-
type) fields. As discussed in Chapter 2, the Paxton Granite is not classified as A-type, on the
basis of it’s relatively low Fe/Mg ratio. There is no consistent difference between the ~1575
Ma and ~1590 Ma granites of the HAG on this plot.
A plot of Nb vs. K/Rb is effective in distinguishing highly evolved and fractionated granites
from those that are less so (Figure 5.1R): less evolved granites have high K/Rb, while Nb
increases with fractionation. The Ambrosia, Paxton and Pegler granites are less evolved and
fractionation than the Big Tank, Partridge and Kychering Granites. Note that this does not
correlate to the ‘young’ and ‘old’ ages of the Hiltaba Association granites.
There is a clear distinction in Ni concentrations between the Paxton Granite and the HAG
(Figure 5.1S). The Paxton Granite has noticeably lower Ni than the Hiltaba Association Gran-
ites. Copper values are similar for the two granite groups, and there is no noticeable difference
in either Ni or Cu amongst the Hiltaba granites.
The abundance of F in the granites appears to be related to fractionation (Figure 5.1T). The
felsic parts of the Paxton granite have lower F than the less felsic parts, however, the fraction-
ated Partridge, Kychering and Big Tank granites of the HAG have higher F than the less frac-
tionated Ambrosia and Pegler granites.
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The Paxton Granite samples have higher abundances of all of the REE than the HAG, but
overall these patterns are very similar and emphasise the remarkable similarities between the
Paxton Granite and the HAG (Figure 5.2). The common features shared by all granites
include: high LREE to low MREE–HREE; negative Eu anomaly; and a general trend of more
felsic samples having lower abundances of all REE. This concave trend can be explained by
relatively early titanite crystallisation (see modelling - Chapter 9.3), and is particularly strongly
developed in the very felsic samples (e.g. of the Kychering and Partridge granites). These pat-
terns indicate that these granites were derived by fractionation from more mafic, titanite-
bearing parents. The less felsic granites (Paxton, Ambrosia, Pegler, and most of Big Tank) are
titanite-bearing, and do not show such a deeply concave pattern. The LREE are elevated
because of the presence of allanite in all samples. The monzogranite phase of the Paxton
Granite has higher abundances of all of the REE than the Hiltaba Association granites.
The trace element variation patterns for all of the granites are very similar, although the Pax-
ton Granite has slightly higher Th, U, K, La, Ce and Tb than the HAG (Figure 5.3). The
spidergrams have very similar patterns, including high Pb, Rb, Th, U, K, La, Ce, Zr and Hf,
	   
  	 
       
 	 
Figure 5.2. Chondrite-normalised REE patterns
comparing the Paxton Granite to selected granites
of the Hiltba Association in the Tarcoola region.
Chondrite normalisation values of Taylor &
McLellan (1985).
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and depletions in Ba, Sr, P, Ti, Nb and Ta. The strongly fractionated Kychering and Big Tank
granites have very deep Ba, Sr, and P depletions. All of the granites are Sr-depleted Y-
undepleted, implying derivation from a plagioclase-residual source.
5.3 CONCLUSION
The Paxton Granite has higher Fe/Mg, KO, HFSE, REE, and lower NaO, Sr, Ni and
Eu/Eu* at similar SiO concentrations than the Ambrosia, Big Tank, Kychering, Partridge
and Pegler Granites of the Hiltaba Association. The differences in KO, NaO, Sr and
Eu/Eu* may be explained by a lower plagioclase:K-feldspar ratio in the Paxton Granite than
in the HAG. The Paxton Granite has more primitive Nd isotope ratios than the Pegler and
Kychering Granites (see Table 9.3 and Figure 9.17). This, and the higher Ni and NaO, and
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Figure 5.3. Primordial mantle-normalised REE pat-
terns comparing the Paxton Granite to selected
granites of the Hiltaba Association in the Tarcoola
region. Primordial mantle normalisation values of
McDonough et al. (1992) except P of Sun (1980),
quoted in Rollinson (1993).
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lower HFSE in the HAG may indicate a greater basaltic component in the formation of the
HAG than in the Paxton Granite.
Despite these identified differences, the Paxton Granite is grossly similar to the HAG in this
region. If it were not for the SHRIMP zircon dating, the subtle differences observed between
the Paxton Granite and HAG would probably be ascribed to the variability caused by frac-
tionation processes. Indeed, there is more difference between the five dated plutons of the
HAG than there is between the Paxton Granite and the HAG. Zircon saturation tempera-
tures for the Paxton Granite (Chapter 2) and the Pegler and Kychering Granites (Chapter 9.3)
both indicate temperatures of >800 °C. Further, the chondrite-normalised REE patterns, and
primordial-mantle normalised trace element variation patterns are very similar, suggesting
that both melting and fractionation processes may have been similar for the two groups of
granites, but with some differences in source composition.
It must be note that a very small subset of Hiltaba Association Granites has been considered
here. As is seen in Chapters 6, 7 and 9, there is considerable variation amongst the granites of
the Hiltaba Association. However, this comparison between the Paxton Granite and nearby
Hiltaba Association Granites is interesting because it suggests that similar processes have
operated at least twice in the one area to produce such similar granites.
As mentioned previously, there is some variation between the five granites of the HAG exam-
ined here, that are probly due mostly to different degrees of fractionation. The differences do
not correlate to the age of the granites. For example, the granites with the highest Rb/Sr ratios
are the Kychering, Partridge and Big Tank granites. The Kychering and Partridge granites are
both dated ~1575 Ma, while the Big Tank granite was dated ~1590 Ma (Chapter 4). Geo-
chronological data from other GRHVP units shows a more consistent spread of ages between
~1595 – ~1575 Ma (Appendix VI). This, the lack of correlation between geochemical charac-
ter and age, and the errors within the SHRIMP U-Pb zircon dating method, are interpreted to
mean that the HAG granite forming event was continuous over ~20 My, rather than having
two discrete episodes.
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6.1 INTRODUCTION
This chapter describes the various granites and their geochemistry in the Tarcoola region. The
area referred to as the Tarcoola region mostly corresponds to the areas dominated by Hiltaba
granite outcrop on the 1:250 000 Tarcoola mapsheet (Daly 1985) (Figure 6.1).
The sampling program conducted in July–August 2001 was aimed at collecting a representa-
tive set of samples from as many of the granite plutons as possible in the Tarcoola region (Fig-
ure 6.1). Where possible, several samples from each pluton were taken, for two main reason.
Firstly, multiple samples were taken from some granites (e.g. 2213A & B of the Gibraltar
Granite) as a check of uniformity particularly of the accessory minerals. Secondly, where more
than one phase was present in a pluton, samples were taken of all of the phases, to establish
the fractionation behaviour of the pluton.
Sample details (site information, description) are given in Appendix I, and chemical analyses
in Appendix II. The sampling and analytical methods are detailed in Appendix IV.
Twenty-five plutons have been identified during sampling in the Tarcoola region (Table 6.1,
Figure 6.1). The number of geochemical samples, range of SiO  wt% composition, and brief
description and mineralogy of each of these plutons is given in Table 6.1, and a more detailed
description of each pluton is given in Appendix VIII. As with the previous Chapter, only the
samples gathered in this study have been used.
As discussed in Chapter 1, dating has shown intrusive events at ~1720 Ma, ~1680 Ma and
1590–1575 Ma in this region. Geochemistry of those plutons dated in this study showed that
although there is relatively little difference between the Paxton Granite at ~1720 Ma and the
selected Hiltaba Association granites at 1590–1575 Ma, the Paxton Granite has higher
Fe/Mg, K O, HFSE, REE and lower Na O, Sr, Ni and Eu/Eu* at similar SiO  than the dated
HAG units (Chapter 5). It was also noted previously that there are significant differences
between the HAG plutons that correlate to degree of fractionation, rather than to age. The
differences observed between the Paxton Granites, mildly fractionated and strongly fraction-
ated Hiltaba Association granites have been utilised to divide the granites of the Tarcoola
region into the groups shown in Table 6.1. The geochemistry of the granites of the Tarcoola
region is discussed below in terms of these groups.
6.2 GEOCHEMISTRY
The majority of the granites in the Tarcoola region are magnesian, alkali-calcic to calc-alkalic,
and metaluminous to slightly peraluminous (Figure 6.3A-C), following the classification
scheme of Frost et al. (2001). The Paxton Granite is slightly more ferroan than the other gran-
ites (Figure 6.3A), and the felsic parts are slightly more peraluminous (Figure 6.3C). Some
samples of the Big Tank and Swamp granites have anomalously low Fe-numbers, and
extremely high log(Fe O/FeO), indicating subsolidus Fe mobility (Figure 6.3D). On the
redox plot of Blevin (2004), the majority of the granites have FeO < 2 wt%, which Blevin
(2004) suggests is too low to properly classify the oxidation state of granites by this criteria.
Those granites with >2 wt% FeO show some scatter, ranging from moderately reduced to
   
Chapter 6: Proterozoic Intrusives of the Tarcoola region
strongly oxidised. Although whole-rock iron is apparently a poor oxidation indicator for these
granites, the presence of titanite and magnetite in many of the granites, particularly the less fel-
sic ones, indicates they are moderately to strongly oxidised (Blevin 2004). Many of the granites
are hematised, especially the strongly fractionated granites, but this is possibly a subsolidus, or
deuteric, rather than magmatic feature.
All parts of the HAG show considerable unexplained scatter in Na O. Na O is mobile during
sericitic alteration (Chapter 13), but few of the granites show mineralogical evidence for such
alteration. On a plot of Na O versus K O, each pluton shows more scatter than expected
(Figure 6.3G).
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Figure 6.1. Interpreted plutons of the Tarcoola region. Only those plutons which were sampled in this
study have been outlined. Green stars are loctions of samples collected in this study. TMI aeromagnetic
image courtesy of Dr. Peter Milligan, Geoscience Australia.
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Figure 6.2. Interpreted plutons of the Tarcoola region overlain on a map of selected cultural and geological features.
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The alkali elements, LILE, HFSE and F show noteable distinctions within the HAG that may
be related to fractionation behaviour, hence the HAG in the Tarcoola region are divided into
mildly fractionated and strongly fractionated granites. In general, the mildly fractionated
HAG has higher Na O, Sr, Ba, K/Rb, and lower K O, k, Rb, Rb/Sr, F, HFSE and Ga/Al
than the strongly fractionated group (Figure 6.3). Chondrite-normalised REE patterns (Fig-
ure 6.4) are broadly similar for both groups, with high LREE, a pronounced negative Eu
anomaly, and moderate HREE. Primordial mantle-normalised trace element variation dia-
grams (Figure 6.5) are also similar for both groups, showing depletions in Cs, Ba, Sr, P and Ti,
however, there are differences seen in abundances of the HFSE, as noted above.
Differences between the HAG and Paxton Granite were noted in Chapter 5. Here, it can be
seen that the Paxton Granite shares many similarities with the mildly fractionated parts of the
HAG, particularly the K/Rb ratio, and low F, Ta, Nb, Th, and U contents (Figure 6.3).
The Ealbara Rhyolite is one of two units of the Gawler Range Volcanics that occur in the Tar-
coola region, the other is the Carnding Rhyodacite (Daly 1985,) but no samples were collected
of it. Compared to the HAG, the two samples of the Ealbara Rhyolite have slightly higher
Fe/Mg, one sample has higher K/Rb, and both have high HFSE. Because of the high HFSE
contents, and moderate Rb/Sr ratio, the Ealbara Rhyolite is considered to be similar to the
strongly fractionated HAG.
A single sample was taken of The Twins Granite. This granite is very similar to strongly frac-
tionated parts of the HAG, but has higher Fe/Mg, Y, Ce, Zr and Ga/Al (Figure 6.3). It has a
high, flat REE pattern, with a very deep negative Eu anomaly, and is unlike any of the HAG
patterns (Figure 6.4V), and therefore it is not classified as part of the HAG. With only one
sample, no further classification is possible.
A single sample was taken from drilling at the South Mir prospect (Figure 6.1). The sample is a
granodiorite, and more mafic than the HAG, hence it is not possible to compare it against the
HAG. However, the REE pattern (Figure 6.4U) is similar to the Paxton Granite, and also
some parts of the HAG.
Two samples of fine-grained granite show similar compositions to each other and have been
grouped together as the Doubtful Granite (Table 6.1, Figure 6.1). This granite is distinct from
others in the region, as it is more calcic and sodic, and less potassic (Figures 6.3B, E, F). In
addition, it has high Sr, Ba, K/Rb, and low Rb, Rb/Sr, HFSE, and low REE with a slightly
positive Eu anomaly (Figure 6.4S).
Two samples were taken of granites mapped as ‘Kimban Orogeny’ intrusives (Daly 1985).
One sample was taken from outcrop mapped as Symons Granite (Figure 6.2, Daly 1985); this
was also the sample site of Fanning (1997), who obtained an intrusive age of 1684 ± 10 Ma.
Both of the samples here assigned to the Symons Granite are very similar to the HAG, and
without the age data, would have been assigned to the HAG (Figures 6.3–6.5).
Two granites, from each of which only one sample was taken, have been tentatively grouped
with the Paxton Granite to form the Paxton Suite. Both samples, of the Pinding and Soyuz
Granites, are chemically very similar to the Paxton Granite, but there are also many similari-
ties to the HAG. The Pinding Granite has low Na O and Ni, which is considered to be char-
acteristic of the Paxton Granite in comparison to the HAG (Chapter 5). The Soyuz Granite is
more problematic: it has many similarities to the strongly fractionated HAG, including similar
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Table 6.1 (opposite page). Summary of the sampled granites in the Tarcoola region. See text for basis for
subdivision of the Hiltaba Association Granites. Details of each pluton are given in Appendix VIII.
Abbreviations: KFS = K-feldspar, qtz = quartz, mu = muscovite, bt = biotite, fl = fluorite, ttn = titanite, pl
= plagioclase, aln = allanite, zrc = zircon, mgt = magnetite, hm = hematite, ap = apatite, ep = epidote, sul
= sulfide, py = pyrite, ccp = chalcopyrite, cc = calcite, 2º = secondary.
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Figure 6.3. Geochemistry of the granites of the Tarcoola region. Fields in A, B and C from Frost et al.
(2001). Fields in D from Blevin (2004). Fields in E from Rickwood (1989).
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Figure 6.3 (continued). Geochemistry of the granites of the Tarcoola region. Note that the boundaries
shown for the strongly and mildly fractionated HAG groups may exclude the transitional Welcome Well
and Barry–Lepa granites for clarity.
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Figure 6.3 (continued). Geochemistry of the granites of the Tarcoola region (continued). Fields in T from
Eby (1990): FG = fractionated granite: OGT = other granite type, including unfractionated I-, S- and M-
types. Note that the boundaries shown for the strongly and mildly fractionated HAG groups may exclude
the transitional Welcome Well and Barry–Lepa granites for clarity.
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Figure 6.4. Chondrite-normalised REE patterns for granites of the Tarcoola region, plotted against the
area of the Paxton Granite. Chondrite normalisation values of Taylor & McLennan (1985).
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Figure 6.4 (continued). Chondrite-normalised REE patterns for granites of the Tarcoola region, plotted
against the area of the Paxton Granite. Chondrite normalisation values of Taylor & McLennan (1985).
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Figure 6.4 (continued). Chondrite-normalised REE patterns for granites of the Tarcoola region, plotted
against the area of the Paxton Granite. Chondrite normalisation values of Taylor & McLennan (1985).
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Figure 6.5. Primordial-mantle normalised trace element variation diagrams of granites of the Tarcoola
region, plotted against the area of the Paxton Granite. Normalisation values of McDonough et al. (1992)
except P of Sun (1980), quoted in Rollinson (1993).
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Figure 6.5 (continued). Primordial-mantle normalised trace element variation diagrams of granites of the
Tarcoola region, plotted against the area of the Paxton Granite. Normalisation values of McDonough et
al. (1992) except P of Sun (1980), quoted in Rollinson (1993).
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Figure 6.5 (continued). Primordial-mantle normalised trace element variation diagrams of granites of the
Tarcoola region, plotted against the area of the Paxton Granite. Normalisation values of McDonough et
al. (1992) except P of Sun (1980), quoted in Rollinson (1993).
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Ni and Na O, but is has slightly lower Sr, Nb and Th, and higher K/Rb, than other samples of
this group. It has been included in the Paxton Granite, but with the recognition that it could
be another part of the HAG.
6.2.1 Muckanippie Anorthosite Suite
Six samples were taken from outcrop assigned to the Muckanippie Diorite (Daly 1985), but
the term ‘Muckanippie Anorthosite Suite’ of Hoatson et al. (2002) is preferred (Table 6.1).
Two groups are evident from hand sample and geochemistry: a fine-to medium grained gab-
broic group; and a coarse-grained anorthositic group (Table 6.1, Appendix VIII, Figures
AVIII.1 & 2).
The finer-grained samples are more magnesian, less aluminous and more oxidised than the
coarser-grained samples. (Figure 6.6) All of the samples plot near the alkaline-subalkaline
dividing line on the Cox et al. (1979) total alkali-silica diagram (Figure 6.6E). The coarser-
grained samples have lower K O and MgO but higher Na O than the finer-grained samples
(Figure 6.6F–H). Both subsets have similar CaO contents, except for the more felsic sample
2164. Also, most of the samples are calcic to calc-alkalic on the MALI plot, except for the
more felsic sample which is alkali-calcic. The coarser-grained samples have significantly less
Nd than the finer-grained samples (Figure 6.6J). They also have slightly less Ni than 2190A &
B, although 2164 also has low Ni. All samples are classified as calc-alkaline on the AFM trian-
gular diagram (Figure 6.6I).
The coarse-grained samples appear to have no zircon: Zr is below detection limit, and Ce, U,
& Y are also much lower than in the finer-grained samples (Figure6.5L, M). Zircon saturation
temperatures, although calculated, are obviously not realistic (Table 6.2). The coarser-grained
samples have significantly lower REE, and have a strong positive Eu anomaly (Figure 6.6O).
They also have a positive Sr anomaly (Figure 6.6P). Both of these anomalies may be explained
by plagioclase accumulation.
The two groups of samples may be related by plagioclase ± biotite accumulation ± fraction-
ation, as shown on a plot of Sr vs Ba/Sr (Figure 6.6 K). This would explain the differences in
Sr* and Eu* (Figure 6.6N). The fine-grained samples 2190A & B have no Eu* or Sr* anomaly.
The coarser-grained samples are dominated by plagioclase (they are anorthositic), have high
Sr and Eu, and may represent cumulates from a starting composition similar to 2190A & B.
Sample 2194 contains quartz, and has negative Eu* and Sr* anomalies, and may represent
crystal fractionation from a starting composition similar to 2190A & B.
6.3 DISCUSSION - GRANITES OF THE TARCOOLA REGION
The division of the Hiltaba Association is interpreted to be largely due to the extent of frac-
tionation, and so to some degree is dependent on SiO  concentration. Thin section analysis
shows that those granites with higher Na O/K O ratios generally have higher plagio-
clase:orthoclase compositions. These are the granites that have been included in the mildly
fractionated group. As well as the differences in Na O and K O, there are differences in the
LILE, with the mildly fractionated group generally having higher Sr and Ba, and lower Rb.
The K/Rb ratio shows fairly good distinction between the two groups. The K/Rb ratio has
been used by Blevin (2004) to classify granites as ‘unevolved’, ‘moderately evolved’ or
‘strongly evolved’. The K/Rb ratio remains fairly constant in magma differentiation systems
until K-feldspar becomes an early-crystallising phase (Blevin 2004). On this plot (Figure
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Figure 6.6. Chemistry of the Muckanippie Anorthosite. Fields in: A, B & C from Frost et al. (2001); D
from Blevin (2004); E from Cox et al. (1979); F from Rickwood (1989); I from Irvine & Baragar (1971).
Fe-number = FeO/(FeO+MgO); MALI (modified alkali-lime index) = Na O+K O-CaO; Shand ASI =
Al/(Ca-1.67P+Na+K).
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Figure 6.6. (continued) Chemistry of the Muckannippie Anorthosite. Feldspar fractionation vectors in K
from Wu et al. (2003). Figure N: Eu/Eu* is calculated as Eu / [(Sm)(Gd)]
) (Taylor & McLennan
1985), Sr/Sr* calculated as [Sr/(5.77*Ce + 7.74*Nd)]. Figure O: Chondrite values of Taylor & McLennan
(1985). Figure P: Primordial mantle values of McDonough et al. (1992) except P of Sun (1980).
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6.3M), the mildly fractionated HAG plot in the moderately evolved field, while the strongly
fractionated group plot in the strongly evolved field. This is consistent with the earlier and
more prominent role of K-feldspar during fractionation of granites such as the Kychering
Granite, compared to the Pegler Granite (Chapter 9).
The higher concentrations of U and Th in the strongly fractionated granites indicates late
crystallisation of allanite. Nb and Ta are higher in the strongly fractionated granites, but it is
not known which mineral these elements are taken up by. In felsic melts, biotite, zircon, titan-
ite and rutile have high partition coefficients for these elements (see Appendix V), but these
minerals are not common in the samples that have high Nb and Ta. However, most of these
samples contain primary muscovite, for which partition coefficients are not avilable. Nb is an
incompatible element, and a plot of it against K/Rb separates moderately evolved and frac-
tionated granites from strongly evolved and fractionated granites (Figure 6.3O).
There is little difference in the range of Zr concentrations between the mildly and strongly
fractionated groups, although the strongly fractionated granites have generally higher Zr than
the mildly fractionated granites at the same SiO  composition (Figure 6.3S). Calculated zircon
saturation temperatures (Watson & Harrison 1983, Miller et al. 2003) show little difference
between the groups (Table 6.2).
Transitional behaviour is seen in some of the granites. Three samples assigned to the Coolad-
ding Granite, which is part of the mildly fractionated group, are late-stage aplites, and are
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Table 6.2. Average zircon saturation temperatures (Watson & Harrison 1983, Miller et al. 2003) for the
granites sampled in the Tarcoola region.
clearly more strongly fractionated than the main body of the Granite. The Barry–Lepa Gran-
ite is transitional between the mildly and strongly fractionated groups in alkalis, LILEs, F,
K/Rb, Ce, Zr & Pb, but has low Rb/Sr, Ta, Nb, Th and U, and is therefore included in the
mildly fractionated group. Y is higher than most other HAG. The Welcome Well Granite is
also transitional between the mildly and strongly fractionated groups in alkalis, LILEs, F, and
K/Rb, but has moderately high Rb/Sr, and high HFSE and it is therefore included in the
strongly fractionated group. Note that in some parts of Figure 6.3 the superimposed fields
showing the mildly and strongly fractionated groups exclude these transitional samples.
Some of the REE patterns of the very felsic strongly fractionated granites are characterised by
concave patterns with MREE depletions (e.g. Kychering, Partridge, Brown Hill and parts of
the Cooladding Granites) (Figure 6.4). This is caused by the removal of these components
from the melt by titanite prior to the crystallisation of these granites (Chapter 9).
6.3.1 Muckannippie Anorthosite Suite Summary
The Muckanippie Anorthosite is distinct in the Tarcoola region, but little information is avail-
able about it. Specifically, there is no age data, nor any isotopic data. It is possible that the
Anorthosite predates the Hiltaba granites, as it appears to be intruded by the ~1590 Ma Pegler
Granite (Figure 6.1). The Muckanippie Anorthosite has been grouped with the Ifould Com-
plex (~1670 Ma, Teasdale 1997, Direen 2005), the St Peters Suite (~1630 Ma, Hoatson et al.
2002), and the GRV (Stewart & Foden 2001). There is insufficient exposure to determine the
relative timing and relationships of the two phases of the complex identified here (Figure 6.2).
Classification using the Frost et al. (2001) scheme shows that the complex is dominantly mag-
nesian calcic metaluminous, which commonly encompasses diorites in the outboard portions
of Cordillerian batholiths or in island arcs, or even (seafloor) plagiogranites. Without isotopic
data, no further constraints can reasonably be placed on the origin of this complex. Specula-
tive origins consistent with the geochemical information include: mafic plutonism along an
incipient spreading centre or intracontinental rift (the pluton occurs on the major Coorabie
Fault Zone: Fraser et al. (2002)); preserved obducted ophiolite and fractionated diorites along
a convergent zone; or cumulative mafic end-member or mantle component of the Hiltaba
Association Granites. Numerous dioritic bodies have been dated from elsewhere in the
Gawler Craton as being of Hiltaba age, including the Lady Jane Diorite (this study), the Curra-
mulka Gabbronorite in the Yorke Peninsula (1590 Ma, Wenlong Zang, PIRSA, unpublished
data), gabbro in the Inkster IR2 drillhole in the Fowler orogenic belt in the western part of the
Craton (1589 ± 293 Sm-Nd mineral isochron, Stewart 1994), and leucogabbro in the Mount
Woods Inlier (1586.8 ± 4.1, Jagodzinski 2005). Four previous studies on the origin of the
GRHVP have invoked varying degrees of mafic underplating (Giles 1988, Creaser 1995,
1996) or more direct input via AFC processes (Stewart 1994, Stewart & Foden 2001).
Anorthositic plutonic suites have traditionally been perceived to have low mineral potential,
but the discovery of the huge Voisey's Bay Ni-Cu deposit in the Nain Plutonic Suite of Labra-
dor, Canada, has shown that magmatic sulfide deposits are not restricted to komatiitic rocks
(Kerr & Ryan 2000). The Voisey's Bay deposit contains 136.7 Mt of ore grading 1.59 wt% Ni,
0.85 wt% Cu and 0.09 wt% Co (Scoates & Mitchell 2000), and is hosted by a troctolite dyke
dated at 1333 Ma (Amelin et al. 1999). Proterozoic anorthosites are rare, and troctolites even
more so, therefore the classification of part of the Muckanippie Anorthosite Suite as trocto-
litic deserves to be further investigated for possible Ni-Cu mineralisation.
Proterozoic anorthosite plutonic suites are restricted to a 1200 My time interval between 2.12-
0.92 Ga (Scoates & Mitchell 2000). Nearly all such suites were emplaced into relatively young
Proterozoic crust that typically predated intrusion by several hundreds of millions of years,
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and several complexes were intruded along Archaean–Proterozoic boundaries suggesting a
causal link between terrane boundaries and anorthosite formation (Scoates & Mitchell 2000).
Individual Proterozoic anorthosite plutonic suites are immense batholiths of 1,000s to
10,000s of km , which typically contain numerous individual plutons of anorthosite-
leuconorite and anorthosite-troctolite, in addition to intrusions and dykes of troctolite, ferro-
diorite, monzonitic rocks and charnokitic granitic rocks (Scoates & Mitchell 2000). A connec-
tion between anorthosites and A-type granites, in anorthosite-mangerite-charnockite-rapakivi
granite (AMCG) suites, has been proposed by several authors, including McLelland & Whit-
ney (1990), Emslie (1991), and Frost et al. (2002).
Models for the genesis of anorthosite-dominated plutonic suites include that of Emslie et al.
(1994) for the Nain Plutonic Suite. Magmatism was initiated by thermal plumes sourced in the
mantle, encouraged by thermal blanketing by stable continental crust. Mafic magmas were
ponded at or near the base of the crust and induced anatexis of lower crustal rocks, producing
the granitic magmas. Plagioclase-restite was then assimilated by the mafic magma, driving it to
Al-rich compositions, from which plagioclase accumulated by floatation. The anorthosite
magmas thus produced are mushes of plagioclase and residual mafic liquid, which separated
and ascended buoyantly, utilising pathways prepared by earlier granodiorite magmas.
Determining the timing and origin of the Muckanippie Anorthosite Suite may assist in under-
standing the tectonic development of the Gawler Craton. The origin of anorthosites is sug-
gested to involve input from mantle-sourced rocks, and similar input has been suggested for
the development of the St Peter Suite at ~1630 Ma (Ferris et al. 2002) and the GRHVP
(Stewart 1994, Stewart & Foden 2001).
6.4 CONCLUSION
The HAG in Tarcoola region are best classified as oxidised, slightly peraluminous, magnesian,
fractionated I-type granites. They can be subdivided according to fractionation behaviour
(Table 6.1, Figure 6.7). Mildly fractionated granites generally have higher Na O, Sr, Ba, K/Rb
and lower K O, Rb, Ce, Ta, Nb, Th, U, Pb and Ga/Al than the strongly fractionated granites.
This is explained by higher plagioclase contents in the mildly fractionated granites, whereas
K-feldspar was a more significant fractionating phase in the strongly fractionated granites.
This is consistent with major and trace element modelling of the mildly fractionated Pegler
Granite, and strongly fractionated Kychering Granite (Chapter 9). This modelling shows that
plagioclase was the dominant crystallising feldspar in the Pegler Granite, whereas orthoclase
was dominant in the Kychering Granite (Table 9.1).
The ~1720 Ma Paxton Granite was previously distinguished from the HAG on the basis of
higher Fe/Mg, K O, HFSE, REE and lower Na O, Sr, Ni and Eu/Eu* at similar SiO 
concentrations (Chapter 5). The Pinding Granite has been assigned to the Paxton Suite, as has
the Soyuz Granite, although this is tentative.
The ~1680 Ma Symons Granite is very similar to the HAG, and would probably not have
been separated from it, if it were not for the age data. Other granites have not been grouped:
these are the Doubtful, South Mir and The Twins Granites. The Ealbara Rhyolite is part of
the GRV, and is comagmatic with the HAG, and is similar to the strongly fractionated
granites.
Figures 6.1 and 6.2 show sample locations and an interpretation of the boundaries of the plu-
tons sampled, overlain on an aeromagnetic image and an extract from the map of Daly (1985).
There is a distinct division in the aeromagnetic character across a bounding line running
	   
  	 
      	 

approximately from the bottom-left corner to the top-right corner, which corresponds to the
Bulgunnia Fault (Fairclough et al. 2003) (Figure 6.7). The NW half of the image is dominated
by a high magnetic response, while the SE half has a much lower response. Both ‘old’ and
‘young’ granites of the Hiltaba Association occur across this divide, i.e. on the northern side,
the Pegler Granite is ~1590 Ma, and the Ambrosia Granite is ~1757 Ma, while on the south-
ern side, the Kychering and Partridge Granites are ~1575 Ma, and the Big Tank Granite is
~1590 Ma (Table 4.1). There is, however, a possible difference in composition, in that
strongly fractionated granites of the HAG are only found on the southern side of this fault.
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Figure 6.7. Grouped plutons of the Tarcoola region. The strongly fractionated granites (red) of the HAG
are found exclusively on the southern side of the Bulgunnia Fault Zone. The majority of the known Au
occurrences are in this area, including the Tarcoola, Kychering, Lake Labyrinth (just to east of map area),
Earea Dam and South Lake Goldfields (see Figure 6.2 for goldfield names). See Table 6.1 for groupings.
The only hints that this difference may be source-related comes from the retarded Pb-isotope
signature of the Pegler Granite compared to the 'normal' Pb-isotope signature of the Kycher-
ing Granite, but this could also be coincidence due to lack of data (see Chapter 9.3). Also,
there is a slight difference in , with the Kychering Granite having a value of -1.64, and the
Pegler Granite -3.04 (Table 9.3). More Pb-isotope, Nd-isotope and zircon chemistry and Hf-
isotope work would be needed to investigate whether or not granite source had an influence
on fractionation and final (subsolidus) oxidation character.
The interpretation that granites of the HAG form two distinct supersuites in the Tarcoola
region is prefered to the possibility that they are a single fractionation continuum, for the fol-
lowing reasons. Firstly, where the supersuites do overlap in SiO , numerous elements (e.g. Th,
Nb) remain low in the mildly fractionated granites. This indicates that fractionation did not
occur to the same degree as in the strongly fractionated granites, even though the granites had
similar overall composition. As pointed out above, this is reflected in the feldspar mineralogy,
which has an important role during fractional crystallisation. Secondly, the Pb and Nd iso-
topes point to source differences, although the sample set is limited. In the next Chapter, the
subdivision is investigated further, and the strongly fractionated supersuite identified here is
termed the Malbooma Supersuite, and the mildly fractionated supersuite the Jenners
Supersuite.
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7.1 INTRODUCTION
One of the aims of the project was to investigate whether there are any differences observable
amongst the granites of the Hiltaba Association, particularly those of the Olympic Dam and
Tarcoola regions, that may be relevant to the formation of different types of mineralisation, as
suggested by Budd et al. (1998). Two steps were undertaken in dividing the Hiltaba Associa-
tion Granites and the co-magmatic Gawler Range Volcanics in this study. Firstly, granites
from the Tarcoola region of the Wilgena Domain, sampled in this work, were compared
against those from the Olympic Domain. Two other dated and well-sampled granites were
included in the comparison: the Tyringa and Charleston granites, from the Nuyts and Spencer
Domains respectively. In Chapter 5 it was shown that the HAG in the Tarcoola region of the
Wilgena Domain can be subdivided into mildly and strongly fractionated I-type granites.
Creaser (1993, 1995, 1996) described the Wirrda Suite in the Olympic Domain as rapakivi
granites, with the implication that they are A-type granites.
Following from this first part, a classification scheme was developed, which identified four
supersuites of the GRHVP. In this second part, this classification scheme was applied to all
available geochemical data for the GRHVP, and most of the individual units were allocated to
a supersuite. A geochemical atlas of the GRHVP was then made. The petrogenetic implica-
tions of the spatial distribution of various chemical characteristics of the GRHVP is discussed
in more detail in Chapter 9, and the metallogenic implications in Chapter 18.
7.2 PART I: COMPARISON OF SELECTED HILTABA ASSOCIATION
GRANITES
7.2.1 Selected datasets
The first priority for selection of data for this subsection was that the age of the granite must
be reliably known. The second order of selection was quality of geochemical data, and the
third order the representativeness of the data. Data for each granite is discussed below. This
process of prioritisation has resulted in only a small dataset. Figure 7.1 shows the location of
dated plutons and distribution of geochemical samples. Geochemical data is listed in Appen-
dix IX, and geochronological data in Appendix VI.
7.2.1.1 Wilgena Domain
The data used here are from this study, and are described in Chapters 4 & 5. The Ambrosia,
Big Tank, Kychering, Partridge, and Pegler Granites, and the Lady Jane Diorite, have all been
dated at between ~1590 Ma and ~1575 Ma.
7.2.1.2 Olympic Domain
Hiltaba Association intrusives used here include some from the Mount Woods Inlier, as well
as those closer to the Olympic Dam area.
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Chapter 7: A Supersuite Classification for the Gawler
Ranges–Hiltaba Volcano–Plutonic Association
Mount Woods
Only four samples from the Mount Woods inlier are used: one of leucogranite in drillhole
DD86EN26, and three of an intersection of fine-grained gabbro in drillhole PK01 (Appendix
IX). All were collected by E. Bastrakov and R. Skirrow (GA), and were analysed at GA. The
leucogranite is dated at 1586.3 ± 2.8 Ma, and a sample of leucogabbro at 1586.8 ± 4.1 Ma
(Jagodzinski 2005). The three samples of fine-grained gabbro contain varying amounts of
pyroxene-plagioclase pegmatoid (Skirrow pers. comm. 2004). The dated sample 2002368028B
consists of a fine-grained mafic host cut by pegmatoidal segregations (Jagodzinski 2005). The
host is either noritic microgabbro (cpx> opx) or gabbroic micronorite (opx > cpx) consisting
of plagioclase, subequal amounts of orthopyroxene and clinopyroxene, magnetite and minor
red-brown biotite, ilmenite and apatite (Jagodzinski 2005). The pegmatoidal segregations
have a similar mineralogy, with more abundant red-brown biotite and small euhedral zircon
and some pyrrhotite, pyrite and chalcopyrite (Jagodzinski 2005). These segregations are
clearly a late magmatic phase related to the fine-grained host, and the association of zircon
grains with the pegmatoidal segregations suggests that their formation is coeval with this late
magmatic phase of the rock (Jagodzinski 2005). This pegmatoidal sample has very high Zr,
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Figure 7.1. Location of samples from dated plutons, Gawler Craton. Aeromagnetic image courtesy of Dr.
Peter Milligan (Geoscience Australia).
probably resulting from the high partition coefficient of Zr for felsic melts (Watson & Harri-
son 1983, Miller et al. 2003).
Olympic Dam area
Suitable samples come from several separate areas from around Olympic Dam. The Olympic
Dam Granite (Olympic Dam Suite of Creaser 1989, Wirrda Suite of the Burgoyne Batholith in
Creaser 1995, Roxby Downs Granite of the Wirrda Suite of the Burgoyne Batholith, which
also includes the White Dam suite, Creaser 1996) is the host to the Olympic Dam Cu-Au
deposit. Eighteen samples from Creaser (1989) have been included here (Appendix IX). This
granite was dated by the conventional U-Pb zircon method at 1588 ± 4 Ma (Creaser 1989). All
Creaser (1989) samples were analysed by XRF and INAA at the ANU. There is insufficient
REE data to plot a variation diagram.
Granite at Bills Lookout: Despite the apparent offset of the samples in Figure 7.1, these four
samples of granite all come from the one drillhole, BLD2. This area is to the east of Olympic
Dam (Figure 7.1). Creaser & Cooper (1993) analysed the quartz monzonite sample SS-3 9288
by the conventional U-Pb zircon method and obtained an age of 1592 ± 5 Ma (Appendix VI).
Bastrakov (GA) took three other samples from this drillhole, and commented that they are
equivalent to the granite dated by Creaser & Cooper (1993) (Appendix IX).
Four samples assigned to the Opal Fields Granite have been dated. Titanite from samples SS-
158 9373 and SS-180 9383 are dated by conventional U-Pb at 1598 ± 2.3 and 1593 ± 3.4 Ma
respectively (Creaser 1989). Sample SS-103 9347 was dated by conventional U-Pb on both
titanite and zircon at 1590 ± 10 Ma (Creaser & Cooper 1993). Zircon from sample SS-1 9287
was dated at 1590 ± 5 Ma (Cooper & Creaser 1993). Nineteen geochemical analyses from
Creaser (1989) are included, as well as eight from Jagodzinski (GA). The Opal Fields Granite
occurs to the south of the Olympic Dam Granite (Figure 7.1).
Microdiorite at Snake Gully, just to the north of the Olympic Dam Granite (Figure 7.1) was
sampled from drillhole SGD4 by Jagodzinski (2005). Twenty-six zircon grains were dated at
1594.1 ± 3.5 Ma, and on the basis of the nature of the zircons and the single population of
ages obtained, this is interpreted as the igneous crystallisation age of the quartz diorite
(Jagodzinski 2005). This is one of relatively few mafic rocks that have been succesfully dated
from the Hiltaba Association.
Moonta-Wallaroo area
Only three samples from the Rothmore granite are included, one of which was dated at 1582
± 7 Ma by the conventional U-Pb zircon method (Creaser & Cooper 1993). The analyses are
from Creaser (1989). Rothmore is an informal name. Several other granites informally called
either Moonta, Arthurton or Tickera have been dated from the Moonta-Wallaroo area, but
chemical analyses are not available for these samples.
7.2.1.3 Spencer Domain - Charleston Granite
The Charleston Granite is a single pluton 15-20 km across, occurring southwest of Whyalla
(Fanning et al. 1988) in the Spencer Domain (Ferris et al. 2002). It consists of massive mega-
crystic granite, and field relationships indicate that it intrudes the McGregor Volcanics and
interlayered volcaniclastics of the Moonabie Formation (Fanning et al. 1988). Intrusion of the
Charleston Granite into conglomerates and sandstones of the Corunna Conglomerate is also
indicated by local hornfelsing, epidotisation and quartz + epidote veins within conglomerate
<10 m from outcropping granite (Fanning et al. 1988).
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A sample of the Charleston Granite is dated at 1585 ± 5 Ma (Creaser & Fanning 1993). Inher-
ited cores are present in many grains and have ages of ~1780, ~1970 and >3150 Ma.
Ten samples of the Charleston Granite have been included here (Appendix IX). Nine of the
samples are from Stewart & Foden (2001), and one is the sample dated by Creaser & Fanning
(1993) from Creaser (1989).
7.2.1.4 Nuyts Domain - Tyringa Granite
The Tyringa pluton occurs southeast of Streaky Bay on the Eyre Peninsular (Figure 7.1) in the
Nuyts Domain of Ferris et al. (2002). Twenty-two geochemical analyses are available, includ-
ing two from this study, and 20 from that of Stewart & Foden (2001) (Appendix IX). A sam-
ple of the pluton was dated by Fanning (1997: Appendix VI) at 1583 ± 11 Ma. Geochemistry
is not available for this sample (ANU 96-004), but the pluton appears to be quite uniform
chemically, and also on the aeromagnetic image (Figure 7.1). The two samples collected by the
author are the only samples with REE analyses.
7.2.2 Summary of chemistry
A summary of the geochemistry of these confirmed Hiltaba-aged granitoids is presented in
Figures 7.2–7.4. The most distinctive feature evident is the broad compositional range cov-
ered by the Olympic Dam Granite, with SiO  between 53–73 wt%. Most of the other grani-
toids are felsic-only. Except at very high SiO , the granitoids are magnesian (Figure 7.2A).
Most of the granites are alkali-calcic, using the classification of Frost et al. (2001), except for
the Olympic Domain granites which are alkalic (Figure 7.2 B). A few samples have high ASI,
but the majority have values around 1, and are metaluminous to mildy peraluminous (Figure
7.2C). None of the samples are peralkaline.
The Hiltaba Association intrusives can be considered in two parts: the mafic-intermediate
samples of gabbroic to dioritic composition (Snake Gully microdiorite, Mt Woods micro-
grabbro, Lady Jane Diorite), and the more felsic granitoids. Of the more felsic Hiltaba gran-
itoids, those in the Olympic Domain are readily distinguished from those of the Wilgena,
Nuyts and Spencer Domains. There is a noteable difference in the alkalis, with higher K O
but similar Na O in the Olympic Domain granites compared to the other granites (Figures
7.2B, D-F). The Charleston and Tyringa Granites are intermediate between the Olympic and
Wilgena Domain granites.
There is considerable scatter on the redox plot of Blevin (2004) (Figure 7.2G). Samples with
total Fe as FeO <2 wt% should be classified using other criteria (Blevin 2004), and there are
relatively few granites from the Wilgena, Nuyts and Spencer Domains with >2 wt% FeO. The
Olympic Domain granites mostly range from moderate to very strongly oxidised on this plot.
Creaser (1996) estimated fO  conditions of the Mt Gunson Tuff of the Wirrda Suite, which
does not contain titanite, to be ± 0.5 log units from the NNO buffer, i.e. more oxidised than
the FMQ buffer, but less than TMQHIL. Stewart (1994) estimated the Yardea-Eucarro
magma to be below FMQ, on the basis of the presence of iron-rich fayalite in basal parts of
the Eucarro Dacite, and the occurrence of the pigeonite+augite pair which is also found in
other volcanics units thought to be below FMQ. The Yardea-Eucarro magma does not con-
tain titanite (Stewart 1994). The FMQ buffer correlates to the moderately oxidised – moder-
ately reduced boundary of Blevin (2004). The titanite-magnetite-quartz-hedenbergite-
ilmenite buffer (TMQHIL, Wones 1989) correlates with the occurrence of the moderately
oxidised – strongly oxidised boundary of Blevin (2004). Therefore the Mount Gunson Tuff
should be moderately oxidised in the scheme shown in Figure 7.2G. However, primary titan-
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Figure 7.2. Comparison of Hiltaba Association Granites from different Domains. Fields in A, B & C from
Frost et al. (2001). Fields in D from Gill 1981. Fields in F from Cox et al. (1979). Fields in G from
Blevin (2004).
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Figure 7.2 (continued). Comparison of Hiltaba Association Granites from different Domains. Fields in L
from Blevin (2004).
H
I
J
K
L
M
N
   
 	    	 
   
Figure 7.2 (continued). Comparison of Hiltaba Association Granites from different Domains. Fields in P
from Eby (1990): FG = fractionated granite, OGT = other granite types, including I-, S- and M-types.
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Figure 7.3. Chondrite-normalised REE patterns of Hiltaba Association Granites from different Domains.
Normalisation values of Taylor & McLennan (1985).
A
B
C
D
E
F
G
H
   
 	    	 
   
Figure 7.3 (continued). Chondrite-normalised REE patterns of Hiltaba Association Granites from differ-
ent Domains. Normalisation values of Taylor & McLennan (1985).
Figure 7.4. Primordial mantle-normalised trace element variation diagrams of Hiltaba Association Gran-
ites from different domains. Normalisation values of McDonough et al. (1992), except P of Sun (1980),
quoted in Rollinson (1993).
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Figure 7.4 (continued). Primordial mantle-normalised trace element variation diagrams of Hiltaba Asso-
ciation Granites from different domains. Normalisation values of McDonough et al. (1992), except P of
Sun (1980), quoted in Rollinson (1993).
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ite occurs in most of the granites under consideration here, and the stable assemblage titanite-
magnetite-quartz indicates that these granites are oxidised (Wones, 1989, Blevin 2004). This
apparent discrepancy between the oxidiation state of the volcanic and plutonic units may be
interpreted in a number of ways. Firstly, the volcanic and plutonic units may have been
derived from distinct magma batches, however this is considered unlikely given the other geo-
chemical and isotopic similarities between the granites and volcanics (e.g. Creaser 1996). Sec-
ondly, the volcanics may have cooled too quickly to have been affected by subsolidus altera-
tion, and the apparent strongly oxidised Fe /Fe ratio of the granites may be the result of
subsolidus oxidation of the originally moderately oxidised granites. Thirdly, the volcanics may
have erupted before titanite became a crystallising phase, explaining its absence, but the min-
eralogical evidence constrains the volcanics to being moderately oxidised. If the granites and
volcanics were resultant of the same parental magma, as proposed by Creaser (1996), this
would require the assemblage titanite-magnetite-quartz found in the granites to not be indica-
tive of oxygen fugacity conditions higher than that of the FMQ buffer, as has been suggested
by Xirouchakis & Lindsley (1998). Creaser (1996) suggested that biotite Fe /Fe composi-
tions of the Wirrda Suite (i.e. Olympic Dam Granite) formed at magmatic conditions between
NNO and FMQ. Therefore, it is interpreted that the HAG was, in general, moderately oxi-
dised, and that the scatter observed in the whole-rock Fe /Fe ratio is due to subsolidus
effects. There is good petrographic evidence for this in granites such as the Big Tank Granite,
which is extremely oxidised (Figure 7.2G), and which shows evidence for secondary hematite
growth in miarolitic cavities (Chapter 6 and Appendix VIII).
Although there is some scatter in the Olympic Dam and Bills Lookout Granites, the Olympic
Domain granites can be separated from the Wilgena Domain granites on a plot of CaO versus
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Figure 7.4 (continued). Primordial mantle-normalised trace element variation diagrams of Hiltaba Asso-
ciation Granites from different domains. Normalisation values of McDonough et al. (1992), except P of
Sun (1980), quoted in Rollinson (1993).
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TiO  (Figure 7.2I). The Olympic Domain granites generally have higher values of CaO and
TiO  than the Wilgena Domain granites. This plot does not take into account the differentia-
tion of the granites, and when SiO  is plotted against CaO (Figure 7.2H), the Wilgena Domain
granites plot on a higher downwards trend than the Olympic Domain granites. This is also the
case for TiO  (not plotted).
The LILEs Ba, Rb & Sr show some difference between Domains. The greatest difference is
seen in Sr (Figure 7.2J), where the Wilgena Domain granites generally have higher values at a
given SiO  content than the Olympic Domain granites. The Wilgena Domain granites gener-
ally have higher Ba (not shown) and lower Rb (Figure 7.2J) than the Olympic Domain gran-
ites. The Tyringa and Charleston Granites have values similar to the Olympic Domain gran-
ites. Each of the Domains contain granites with high Rb/Sr, and low K/Rb (Figures 7.2K &
L), indicative of extensive fractionation.
The HFSE also show differences between Domains. Specifically, U and Th (Figures 7.2M &
N) are higher in the Olympic Domain granites than the Wilgena Domain. Although there is
some scatter, the Charleston Granite plots with the Olympic Domain granites; the Tyringa
Granite with the Wilgena Domain granites. Lead appears to be higher in the Wilgena Domain
granites and the Tyringa and Charleston Granites than in the Olympic Domain (Figure 7.2O).
The Wilgena Domain granites have higher Ni at equivalent SiO  contents than the other gran-
ites (Figure 7.2O). The Olympic, Nuyts and Spencer Domains all have low Ni abundances:
such low values of Ni were one of the distinctions made between the Tarcoola region HAG
and the Paxton Suite (Figure 5.S, Chapter 5).
Figure 7.2P shows that the Wilgena Domain granites are lower in HFSE than the Olympic
Domain and Tyringa and Charleston Granites, and the Tyringa Granite has higher Ga/Al
than the other granites.
The combination of K/Rb versus Nb (Figure 7.2Q) was used in Chapter 5 to distinguish
moderately evolved and fractionated HAG in the Tarcoola region from strongly evolved and
fractionated granites. Here, it shows that the Tyringa, Rothmore and Olympic Dam granites
are strongly evolved and fractionated.
Significant domainal differences can be seen in plots of Sm, Y, (Ce/Y) and Yb/Ta vs Y/Nb
(Figures 7.2R-U). The Tyringa and Charleston Granites have higher Sm than the Wilgena
Domain granites, and there is some scatter in the few Olympic Domain analyses available. A
similar pattern is seen for Y: the Tyringa and Charleston Granites are generally higher than the
Olympic Domain granites, and the Wilgena Domain granites are low. The Olympic Dam and
Rothmore Granites have higher Y than other granites from the Olympic Domain. The Olym-
pic Domain granites have lower (Ce/Y) values than the other granites, suggesting a flatter
REE pattern. A plot of Yb/Ta against Y/Nb serves as a fractionation index, and separates the
Wilgena Domain granites, which have low ratios, from the other granites. Other plots show
that the Tyringa, Charleston and Olympic Dam Granites are similarly fractionated compared
to the Kychering Granite, and therefore this plot suggests differences in abundance of these
elements between Domains, rather than differences in fractionation behaviour.

		   
  	 
     	 
  	 
     
         
                
 !              "  
# $              
%$&'              
Table 7.1. Summary of the geochemistry of the Hiltaba Association Granites from different Domains.
MAIL = modified alkali-lime index of Frost et al. (2001): a = alkali, a-c = alkalic-calcic, c-a = calcic-
alkalic. High, low, moderate refers only to the granites considered here, not to granites in general.
Figure 7.3 shows REE variation diagrams for those plutons with sufficient data. The differ-
ence between mildly and strongly fractionated granites in the Wilgena Domain has been
pointed out in Chapter 5. In general, the Wilgena Domain granites have a lower abundance of
the REE than the other granites. Most patterns are similar in that the LREE are higher than
the HREE, and they have negative Eu anomalies.
Figure 7.4 shows primordial mantle-normalised trace element variation diagrams for the gran-
ites. The difference between mildly and strongly fractionated granites in the Wilgena Domain
has been pointed out in Chapter 5. The Tyringa and Charleston Granites are differentiated
from the others in having Zr/Sm <1. The Wilgena Domain granites have lower HFSE (in
particular Th, U, Hf, Zr) and REE than the other granites.All granites are strongly Sr depleted.
Of the mafic intrusives, the Lady Jane Diorite and Snake Gully microdiorite show more simi-
larities than differences. Their general nature is that they are magnesian, alkali-calcic, metalu-
minous, and mostly oxidised. Both diorites are high K O and plot in the shoshonite field of
Figure 7.2D. Figure 7.3E & M show REE variation diagrams for the Lady Jane and Snake
Gully diorites, respectively. The Lady Jane Diorite has a small, but noticeable, negative Eu
anomaly, indicating residual feldspar. The Lady Jane Diorite has a slightly steeper trend than
the Snake Gully microdiorite, with higher LREE and lower HREE. Figure 7.4E & O show
trace-element spidergrams for these diorites. The two bodies mostly overlap, but there are
noteable differences with the Snake Gully microdiorite having lower Th and higher Ti than
the Lady Jane Diorite.
The Mt Woods Microgabbro has lower K O, Rb, Th, Pb and Nb, and higher Eu/Eu* than
either of the Lady Jane or Snake Gully diorites. In addition, the REE pattern (Figure 7.3J)
shows a positive Eu anomaly. The spidergram shows low Rb and high Ba and Sr compared to
the other mafic units.
7.2.3 Conclusions
This small subset demonstrates that, as suggested by Budd et al. (1998), the Hiltaba Associa-
tion granites are divisible. The granites from the Olympic Domain show a broader range of
compositions, are more alkalic and have higher Fe/Mg than the other granites, and have high
HFSE and REE. The Tyringa Granite is distinguished from the other granites by its high
HFSE, Ga/Al, Sm and Y. The Charleston Granite is distinguished by its high CaO, Rb, U, Th
and (Ce/Y). The Wilgena Domain granites are distinguished by their high SiO , Sr and
(Ce/Y), and low K O, K/Rb, U, Th, HFSE, Sm, and Y. This is summarised in Table 7.1.
In Chapter 5, it was proposed that the HAG of the Tarcoola region (occurring within the Wil-
gena Domain) could be grouped into mildly fractionated and strongly fractionated groups.
Both are classified as fractionated I-type granites. Creaser (1993, 1995, 1996) has previously
classified the Wirrda Suite (includes the Olympic Dam Granite) as an A-type, and this compi-
lation also suggests that the Olympic Dam and other granites have compositions consistent
with an A-type classification (e.g. Loiselle & Wones 1979, Collins et al. 1982, Whalen et al.
1987, see also Chapter 9). The Tyringa Granite has some characteristics of A-type granites
(e.g. elevated HFSE, Ga/Al), but is notably different to the Olympic Dam Granite, suggesting
that there may be at least two A-type subgroups within the GRHVP. Thus, it appears that the
Hiltaba Association Granites (and Gawler Range Volcanics) differ in either, or both, compo-
sition and degree of fractionation across the Domains.
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7.3 PART II: GEOCHEMICAL ATLAS OF THE GRHVP
Following from the previous comparison between well-defined granites from different
Domains (Pegler, Kychering, Olympic Dam, Tyringa and Charleston granites), data for all of
the units of the GRHVP was compiled (Table AIX.2). Four granites were selected as repre-
sentative of the range of compositions seen in the HAG. Note that these are not the same as
the previous part: the selection was updated based on the results of that compilation. The four
granites selected were the Kychering Granite (strongly fractionated I-type granite), the
Ambrosia Granite (moderately fractionated I-type granite), the Tyringa Granite (alkali-calcic
A-type granite), and the Olympic Dam Granite (alkalic A-type). Also from the previous com-
pilation, it was found that eleven criteria were useful in discriminating the four 'type' granites,
including their Fe/Mg ratio (expressed as Fe* after Frost et al. 2001), their alkali and HFSE
content, and their Ga/Al, K/Rb and Rb/Sr ratios. These four 'type' granites were used as
templates on plots depicting various geochemical criteria (Figure 7.5), and the remaining units
of the GRHVP were classified according to their similarities to these 'type' granites. The GRV
was included in the geochemical classification because field, geochemical, isotopic and geo-
chronological data show that it is comagmatic with the HAG.
An atlas was then compiled, combining solid geology occurrence of units of the GRHVP, the
abovementioned classification scheme for each of the units, and various statistical measures
of the geochemistry of each unit. The complete atlas of the geochemical data, as well as age
and neodymium isotopic data, gravity and aeromagnetic maps, is presented in Appendix IX.
Figures AIX.2–7 show cultural, geophysical, age and Nd isotopic data. Figures AIX.10–17
map out the chemical criteria of Figure 7.5 which were used to classify the plutons. Figures 7.6
& AIX.8 show the distribution of the four supersuites. Figures AIX.19–37 show various
chemical averages, maximum and minimum for each unit, and can be compared against the
classification of each unit into the supersuites on Figure 7.6 & AIX.8. Figure 7.9 shows the
zircon saturation temperature calculated for each geochemical analysis, overlain on the aver-
age for each unit.
The Gawler Craton is divided into various Domains, each with its own crustal history (Ferris
et al. 2002), and these have been included on each map. The makeup of each Domain was dis-
cussed briefly in Chapter 1, but of most importance here is that the Coulta, Cleve, Wilgena,
Christie and possibly the Mt Woods Domains contain some Archaean packages, with lesser
Palaeoproterozoic units. The Spencer & Olympic/Moonta Domains include the 1850 Ma
Donington Granitoid Suite with some ~1700 Ma igneous units, and also metasediments of
the Hutchison Group. The Nuyts Domain is thought to be dominated by ~1630 Ma grani-
toids and volcanics of the St Peter Suite. By the time of the GRVHP, it is evident that each
Domain was unique, presenting different sources for melting to produce the Hiltaba Associa-
tion Granites and Gawler Range Volcanics.
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Supersuite Example Fe* MALI
Al/
Na+K Nb Eby Ga/Al HFSE
K/Rb
vs Nb
Roxby Olympic ferroan a low high A low high 2-4
Venus Tyringa ferroan a-c low high A high high 4
Malbooma Kychering ferr-mag c-a high low-high FG high low 3-4
Jenners Ambrosia magnesian a-c/c-a high low OGT low low 1
Table 7.2. Four supersuites were identified by applying eleven criteria, including the above, to the entire
geochemical dataset of the GRHVP. The Fe* and MALI criteria are from Frost et al. (2001), Eby is the
Ga/Al vs HFSE classification for A-type granites (A), fractionated I- and S-type granites (FG), and other
granite types (OGT) of Eby (1990), HFSE = Zr + Nb + Ce + Y.
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Figure 7.5. Geochemical template for the ‘type’ granites used to subdivide the GRHVP into supersuites.
Fields in A & B from Frost et al. (2001); D from Eby (1990).
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Figure 7.6. Occurrence of the four supersuites of the GRHVP. See text for discussion of the subdivision,
and definition of the supersuites. Domain boundaries after Ferris et al. (2002). The Coulta, Cleve, Harris
Greenstone, and Christie Domains are dominated by Archaean units, while the Wilgena and Mt Woods
Domains contain a portion of Archaean units. The Spencer and Olympic/Moonta Domains include the
1850 Ma Donington Granitoid Suite. The Nuyts Domain includes the ~1630Ma St Peter Suite, regarded
by Ferris et al. (2002) to be relatively primitive.
7.3.1 Results
The compilation of all available geochemical data for the GRHVP in this section shows that
the majority of the felsic units may be grouped into four supersuites on the basis of the geo-
chemical characteristics shown in Table 7.2. The Roxby and Venus Supersuites are both A-
type: the Roxby Supersuite is dominantly alkalic on the plot of Frost et al. (2001), whereas the
Venus Supersuite is dominantly alkali-calcic. The Olympic Dam Granite is the type granite of
the Roxby Supersuite, while the Tyringa Granite is the type example of the Venus Supersuite
(see Figures 7.2–4). The Malbooma and Jenners Supersuites are I-type: the Malbooma Super-
suite is generally more strongly fractionated than the Jenners Supersuite. These two super-
suites equate to the strongly fractionated and moderately fractionated I-type granites, respec-
tively, of the Wilgena Domain, as described in Chapter 6. The Kychering Granite has been
used as the type example of the Malbooma Supersuite, while the Ambrosia Granite has been
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Figure 7.7. Map showing age distributions of the GRHVP. Zircon U-Pb (various methods) data only used
(Appendix VI). Units of the Roxby Supersuite possibly make up an older episode of the GRHVP. See fig-
ure 7.6 for unit name legend.
used as the type example of the Jenners Supersuite. The Ambrosia Granite is used instead of
the Pegler Granite because it comprises a broader compositional range. Volcanic units have
been included with granites in this grouping. There is considerable scatter, and therefore diffi-
culty in classifying some of the units. Some units were not able to be classified according to
this scheme, either due to insufficient data, or excess scatter, and these units are shown in grey
throughout the atlas.
The supersuite nomenclature used here follows that of White et al. (2001). Each pluton, or
volcanic unit, is regarded as a suite, except for a few plutons mapped in detail during this study
in the Wilgena Domain. In this area, sufficient field, petrographic and geochemical data was
collected to enable the definition of 15 suites (Table 6.1). For the rest of the HAG, plutons
were generally delineated using aeromagnetics, but with only geochemical data readily avail-
able, no attempt has been made to group the plutons into suites, and the testable assumption
is made that each pluton is distinct. The GRV has generally been well-mapped (e.g. Branch
1978, Giles 1988, Allen et al. 2003, Ferris 2003, also 1:250 000 geological map series), and
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Figure 7.8. Epsilon Nd calculated at 1580 Ma, overlain on the supersuites of the GRHVP. Units in the
Nuyts Domain are notably more primitive than those from other domains.
these mapped units have been regarded as the equivalent of suites (or Formations, White et al.
2001). As for the HAG, however, only geochemical criteria were used in this study for the
division of the GRV into the supersuites noted above.
There is a possible correlation between the distribution of old units (1590 Ma), strongly nega-
tive  values, high zircon saturation temperatures, and A-type compositions (Figures
7.5–10). By comparison, the I-type supersuites correlate with lower zircon saturation tem-
peratures, 	
 closer to zero, and Domains that include Archaean and young Palaeopro-
terozoic packages. However, while most I-type units are younger than the A-types, there are
some important exceptions. For example, the Pegler Granite of the Jenners Supersuite is
dated at ~1591 Ma.
Units assigned to the Roxby Supersuite are generally restricted to the Olympic, Moonta, and
Spencer Domains, with some in the Nuyts Domain, and generally have negative 	
 (<-
3). The Parla Granite (#51) is a noteable exception, as it occurs in the Nuyts Domain with
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Figure 7.9. Categorised modelled zircon saturation temperatures (Miller et al. 2003) overlain on the supersuites
of the GRHVP. High T °C are mostly restricted to the Roxby Supersuite, however some of the Venus
Supersuite samples also have high values.
	
 of 0.5 and 1.4 (Appendix VII). Many of the granites and volcanics of this Supersuite
in the Olympic and Moonta Domains have high calculated zircon saturation temperatures.
Units assigned to the Venus Supersuite occur in all but the Spencer Domain, range in average
	
 from positive to strongly negative, and have average T°C from low to high. Dated
units assigned to this supersuite have ages <1584 Ma (Figure 7.7), however some of the vol-
canic units are likely to be older. For example, the Eucarro Rhyolite is overlain by the 1592 Ma
Yardea Dacite.
Units assigned to the Jenners Supersuite are restricted mostly to the Wilgena and Nuyts
Domains, with one occurrence in each of the Coulta and Moonta Domains. Epsilon Nd	

for these units ranges from >0 to <-3 (Figures 7.8, AIX.6, Appendix VII). Units of this super-
suite include old (e.g. Pegler Granite, 1591 Ma) and young (e.g. Ambrosia Granite, 1575 Ma)
ages. Modelled zircon saturation temperatures are mostly low to moderate (Figures 7.9, 7.10).
Units of the Malbooma Supersuite are restricted to the Nuyts, Wilgena and Coulta Domains.
Dated plutons range in age from 1590 Ma (Big Tank Granite) to 1575 Ma (Kychering Gran-
ite). Zircon saturation temperatures are mostly low to moderate, and 	
 is mostly >-3.8.
The apparent age distribution (Figure 7.7) may be deceptive. Dating and geochemistry in this
study shows that there are no significant differences related solely to age in five granites sam-
pled in the Wilgena Domain. Three granites assigned to the Malbooma Supersuite were dated;
the Partridge and Kychering Granites at ~1575 Ma, and the Big Tank Granite at ~1590 Ma,
and two granites assigned to the Jenners Supersuite were dated; the Pelger Granite at ~1590
Ma, and the Ambrosia Granite at ~1575 Ma (Table 4.1). Despite these two exceptions,
throughout the occurrence of the GRHVP, there may be a broad relationship where granites
and volcanics of the Roxby Supersuite predate those of the other supersuites.
It is apparent that the areally-dominant felsic volcanics were erupted early during the GRHVP
event, with the stratigraphically-highest Yardea Dacite dated at 1592 ± 3 Ma (Fanning et al.
1988). These volcanics may have had a blanketing effect, and younger granites may have been
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Figure 7.10. Histogram of calculated zircon saturation temperatures for all samples of the four supersuites
of the GRHVP.
emplaced beneath them. Further, many of the granite plutons have not been dated. There-
fore, although there is the suggestion that the units in the Olympic and Gawler Ranges
Domains (which are dominated by the Roxby Supersuite) are old, in detail and with further
dating, this may not be the case.
7.4 CONCLUSION
Granites and volcanics of the GRHVP can be grouped into a minimum of four supersuites.
The Roxby Supersuite is possibly a true A-type, as it is alkalic, has a high Fe/Mg ratio, and has
high HFSE. The Venus Supersuite also has some characteristics of A-types, including high
HFSE and Ga/Al, but is not as alkalic and has a lower Fe/Mg ratio than the Roxby Super-
suite. The Malbooma Supersuite is a strongly fractionated, strongly evolved I-type, while the
Jenners Supersuite is a moderately fractionated, moderately evolved I-type. It is possible that
units of the Jenners and Malbooma Supersuites are differentiated only on the basis of degree
of fractionation, but they have been classified separately in order to highlight the different
fractionation. It is considered unlikely that the I-type, Venus or Roxby Supersuites can be
related to each other simply by fractionation: differences in source or melting conditions are
implied.
The geochemical characteristics of the Supersuites, along with their age, neodymium isotope
signatures, geological Domains and modelled zircon saturation temperatures, were mapped
out in a GIS. It is suggested that the A-type Roxby Supersuite had a higher emplacement
temperature and was derived from material with a more evolved neodymium isotope
signature, and that this supersuite may correlate to areas of occurrence of the 1850 Ma
Donington Granitoid Suite and/or Archaean crust. Figure 7.8 shows 	
 for each sam-
ple, while Figure AIX.9 shows the average 	
 for each unit. In general, units of the
GRHVP in the Coulta, Cleve, Spencer, Moonta/Olympic, Gawler Ranges, Harris Green-
stone, Mt Woods and parts of the Wilgena Domain show 	
 <-3. In the Nuyts Domain,
thought to be dominantly comprised of primitive Palaeoproterozoic granitoids (Ferris et al.
2002), the GRHVP units have 	
 between -1.6 and +2.8. There are two plausible expla-
nations for this distribution. One is that the GRHVP has inherited the (crustal) signature of
each Domain, the other is that the GRHVP in each Domain is the result of different degrees
of mixing between mafic mantle and felsic crustal material. Figure AIX.41 shows 	
 for
all available samples (not just the GRHVP), and this suggests that values >-2 are generally
restricted to the Nuyts Domain. This provides evidence to support (but does not prove) the
model that units of the GRHVP inherited their Sm/Nd isotope ratios from pre-existing crust.
This is discussed further in Chapter 9, and models of the formation of the GRHVP are also
presented there.
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8.1 INTRODUCTION
A compilation of geochronological data (Figure 1.5 and Appendix VI) shows seven signifi-
cant periods of felsic intrusive magmatism in the Gawler Craton. It has previously been
shown that the HAG are quite variable, and they are similar to granites of different age in the
Gawler Craton (Chapters 5–7). This chapter is a brief comparison of the Hiltaba Association
Granites against other selected granites from throughout the Gawler Craton. Also, Wyborn
(2001) noted that within any one Australian Proterozoic province there is generally a progres-
sion of granite types with age. This hypothesis is tested and discussed below.
8.2 SELECTED DATASETS
The first priority for selection of data for this chapter was that the age of the granite must be
reliably known. The second criteria was quality of geochemical data, and the third the repre-
sentativeness of the data. Because of the insistance on quality data, some granite suites have
not been included. Data for each granite is discussed below.
Most of the geochemical data used for this chapter is from other studies and does not include
FeO analyses, and for this reason Fe* has been calculated rather than the Fe-number of Frost
et al. (2001) for Figure 8.1A.
8.2.1 Glenloth Granite
Thirteen samples are available, collected by Blissett and Watmuff (Appendix IX). The analyti-
cal method is unknown. The precise age of the granite is also unknown, but several age dates
relate to it (Appendix VI). The generally accepted age is ~2450 Ma.
The Glenloth Granite occurs in the area of Lake Harris, including throughout the Glenloth
Goldfield. It is composed of medium- to coarse-grained, mottled, pale pinkish brown and
pale grey to dark grey, leucocratic gneiss or gneissic granitoid, ranging in composition from
granite through to monzogranite and granodiorite (Blissett 1985). Foliation is generally poorly
developed, but in places the rocks have a migmatitic appearance with convoluted biotite-rich
or amphibolitic layers and schlieren (Blissett 1985). The granite is dominantly comprised of
quartz with undulose extinction, K-feldspar of predominantly microcline composition, and
turbid plagioclase near oligoclase in composition (Blissett 1985). Apart from the localised
concentrations of biotite and amphibolite, mafic minerals are not abundant, with minor
amounts of biotite, muscovite, epidote, sphene, apatite, allanite and scattered grains of
opaque oxides (Blissett 1985). The available geochemical samples were collected by Blissett as
part of a regional mapping program.
8.2.2 Donington Granitoid Suite (DGS), including the Colbert Suite
Two sets of data are available for this suite. Mortimer et al. (1988a) studied these granites in the
southern Eyre Peninsula (Figure 7.1), while Jagodzinski (2005) sampled them from drill core
   
Chapter 8: Comparing Hiltaba Association Granites to
other granites in the Gawler Craton
in the Stuart Shelf around Olympic Dam. Zircons from a quartz gabbronorite gneiss
(QGNG) are used as a standard for dating Proterozoic unknowns by the SHRIMP U-Pb zir-
con method. The age for the standard by IDTIMS is 1851.6 ± 0.6 Ma (2; Black et al. 2003);
the ages from both Mortimer (1984), Fanning (1997) and Jagodzinski (2005) are given in
Appendix VI.
Analyses included here as part of the DGS in the southern Eyre Peninsula include the Don-
ington pyroxene granitoids and Colbert Suite of Mortimer et al. (1988a). Dating by Fanning
(1997) showed that the Colbert Suite is the same age as the Donington pyroxene granitoids
(Appendix VI), hence they are considered together here.
The DGS in the southern Eyre Peninsula comprise a broad range of pyroxene and
hornblende-biotite granitoids ranging from quartz gabbronorite, hypersthene gneissic gran-
ite, megacrystic intermediate granite gneiss, late-stage alkali feldspar granitic gneiss to retro-
gressively metamorphosed hornblende-biotite gneiss (Parker 1993). Budd et al. (2001) sug-
gested that the DGS in this area was restite-dominated with fractionation occurring in only
the most differentiated samples.
The Colbert Suite intrudes augen gneisses of the DGS in the southern Eyre Peninsula (Parker
1993). The granitoids range from equigranular, medium-grained, alkali-feldspar-biotite ±
hornblende gneissic granite to variably foliated medium-grained to porphyritic hornblende
granite (Parker 1993). Mortimer et al. (1988a) suggested that these granites represented pri-
mary hornblende fractionation from a more hydrated, more potassic and LREE-enriched
source than the DGS.
Jagodzinski (2005) dated five 'samples' from the Stuart Shelf area, and assigned these to the
Donington Granitoid Suite. Most of these 'samples' are aggregated from several short inter-
vals within what was presumed to be the one granitoid in a single drill hole. An exception is
sample 2000366029, taken from the Acropolis prospect, which includes biotite tonalite, bio-
tite norite and monzogranite (Jagodzinski 2005). SHRIMP results appear to confirm that each
'sample' contains only one population of zircon, however considerable whole-rock chemical
heterogeneity is seen. This was noted by Jagodzinski (2005) but not expanded on. Jagodzinski
(2005) demonstrates that a wide range of magmatic compositions were emplaced in a very
short period of time in the Stuart Shelf area (see description of chemistry below).
On the figures in this chapter, "Colbert" refers to the Colbert Suite, "Donington" refers to the
granitoids assigned to the Donington Granitoid Suite in the southern Eyre Peninsula, and
"Jag DGS" refers to the samples of Jagodzinski (2005) in the Olympic Dam region.
8.2.3 Middle Camp Granite
The Middle Camp Granite has been dated at 1731 ± 7 Ma by Fanning (1997). It occurs in the
Cleve-Cowell area of the Eyre Peninsula (Figure 7.1) and is a grey, medium-grained foliated
granite of monzogranite to granodiorite composition (Parker 1993). It is intruded by numer-
ous narrow pegmatite veins. The analysed samples are from Parker (1993).
8.2.4 Paxton Granite
The Paxton Granite occurs in the Tarcoola Goldfield in the Wilgena Domain at ~1720 Ma,
and is described in Chapter 2.
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8.2.5 Moody Suite
The Moody Suite was intruded in the Archaean-Mesoproterozoic crystalline basement of the
southern Gawler Craton during the waning stages of the Kimban Orogeny, at ~1700 Ma
(Schwarz 1999). The Moody Suite as defined by Schwarz (1999) includes the Yunta Well Leu-
cogranite, the Moreenia Monzogranite (including Moody Tank and Moody West monzogran-
ites), the Uranno Microgranite, and the Chinmina Monzonite. Other units possibly equivalent
include the Carpa Granite, Bukitt Granite, Wertigo Granite, Carappee Granite and Bungalow
Granodiorite (Parker 1993). A variety of lithologies are contained within the Moody Suite,
including mostly medium- to coarse-grained equigranular pink monzogranite, monzonite and
leucogranite (Parker 1993).
Three samples assigned to the Moody Suite have been dated. Fanning (1997) dated the Chin-
mina Monzonite at 1702 ± 10 Ma, and the Moreenia Monzogranite at 1692 ± 10 Ma. The
Carappee Granite was dated by conventional U-Pb zircon at 1689 ± 59 Ma by Flint et al.
(1988).
The geochemical samples used for the Moody Suite granites come from collections by Rankin
(Carappee, Chinmina & 'Moody') during regional mapping for PIRSA, and Mortimer (1984:
Chinmina, Moreenia & Yunta Well).
8.2.6 Tunkillia Suite
Ferris (2001) defined the Tunkillia Suite from outcrop predominantly within the Yarlbrinda
Shear Zone (YSZ), as a suite of "comagmatic late Palaeoproterozoic (1690–1670 Ma) I-type
intrusives and rhyolite, mafic and aplite dykes". The Suite includes other granites from outside
the YSZ including Barton South, Lake Ifould, Mulgathing Rocks (Symons Granite), Little
Pinbong, Lake Tallacootra and Wynbring Rocks. The lithologies included by Ferris (2001) in
the YSZ area include: orthogneiss with a variety of coarse-grained megacrystic granites to
augen gneisses; granite comprising variably deformed grey to pink, medium- to coarse-
grained monzogranite, quartz syenite to granodiorite; mafic dykes of coarse-grained amphi-
bolite, thought to originally have been dolerite; and rhyolite, ryhodacite and aplite dykes. It is
unknown on what basis the amphibolites have been included in this Suite. Ferris carried out
this work as a combined Masters/PIRSA remapping of the Childara 1:250 000 mapsheet, and
has not yet published his findings, resulting in very little data on the Tunkillia Suite being avail-
able.
Twenty-six chemical analyses provided by Ferris (written. comm. 2000) are included here.
Analyses were performed by Amdel Laboratories, Adelaide, and whole-rock majors, traces
and REE were by ICP-MS methods. Little supporting information (i.e. rock description, plu-
ton groupings) is available for these samples.
8.2.7 St Peter Suite / Nuyts Volcanics / St Francis Granite
The St Peter Suite was defined by Flint et al. (1990) in the Streaky Bay - Ceduna area. Outcrop
is limited to isolated coastal exposures extending from the Smooth Pool to Point Westall area
in the southeast, to Rocky Point in the northwest (Flint et al. 1990). The Suite consists of a
complex of comagmatic intrusive rock types, with five main phases evident: a pink fine- to
medium-grained granite and monzogranite grading to a medium- to coarse-grained pink to
red granite; a fine to medium-grained and even-grained monzogranite to granodiorite mostly
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as dykes; a medium-grained porphyritic monzogranite to granodiorite with common enclaves
of dolerite/diorite; fine- to medium-grained dolerite, diorite and amphibolite; and a pink
medium-grained porphyritic granite (Flint et al. 1990). Parker (1993) state that the granitoids
have a biotite foliation. Parker (1993) regards complex inter-relationships between the phases
as typical of mixing and mingling of comagmatic mafic and felsic liquids.
Granodiorite assigned to the St Peter Suite from Point Brown was dated at 1619 ± 15 Ma
(Fanning 1997). The Nuyts Volcanics are similar in age to the St Peter Suite: 1631 ± 3 Ma
(Cooper et al. 1985) and 1627 ± 2 Ma (Rankin et al. 1990). Flint (1993b) and Parker (1993)
regard the St Francis Granite to be 'associated' with the Nuyts Volcanics. Parker (1993) there-
fore suggests that the St Francis Granite and St Peter Suite to be broadly similar in age despite
differences in geochemical character.
Ferris et al. (2002) state that the St Peter Suite is a suite of tonalitic to granodioritic rocks, simi-
lar in chemistry to Archaean tonalite-trondhjemite-granodiorites. Evidence to support this
claim was limited to St Peter Suite geochemical data plotting within the volcanic arc granite
field on the Pearce et al. (1984) Rb vs Y+Nb tectonic discriminant diagram (Ferris et al. 2002).
Ferris et al. (2002) erected a subduction-related tectonic development for the Gawler Craton,
which included the evolution of the St Peter Suite as arc-related magmatism.
Two hundred and thirty-four geochemical analyses are available for the St Peter Suite, Nuyts
Volcanics and St Francis Granite, however, none of them are able to be confidently related to
dated samples. Furthermore, it is apparent that there is a great variety of lithologies, and
probably intrusive units, represented by these analyses, and the problem of identifying indi-
vidual units is beyond the scope of this thesis topic. Preliminary inspection of the geochemical
data (not shown here) shows that granites assigned to these units overlap with those assigned
to the Tunkillia Suite, as well as other granites. Further work needs to be done to properly sub-
divide the granites of the central-western area of the Craton. Some of the samples show dis-
tinctly lower K O and slightly higher Na O than other samples from "defined" Suites, indicat-
ing the possibility of a distinct suite of granites in the area. Given the lack of data, these units
are not discussed any further, as any work would inevitably be flawed.
8.2.8 Hiltaba Association
The data used here as a comparison are the Opal Fields Granite (see Chapter 7) and the dated
plutons from the Wilgena Domain from this study.
8.2.9 Munjeela Granite
The Mujeela Granite (Ferris 2001) is a distinct irregularly shaped magnetic low northwest of
Streaky Bay and Ceduna (Figure 1.1). It comprises medium- to coarse-grained grey, equi-
granular, muscovite-biotite±garnet granite (Ferris 2001). Outcrop at Munjeela rockhole com-
prises massive, mucovite-biotite syenogranite to monzogranite with some very coarse micro-
cline crystals and coarse muscovite to 8 mm in grainsize (Ferris 2001). Part of the outcrop
contains accessory garnet up to 2 mm in diameter (Ferris 2001). Ferris (2001) states that the
presence of muscovite and garnet suggests a S-type granite. Chemical dating by electron
microprobe of monazite from an unidentified sample gives an age of 1562 ± 15 Ma (Ferris
2001; Appendix VI). Only two samples from Ferris (2001) assigned to the Munjeela Granite
have been used.
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8.2.10 Spilsby Suite
The Spilsby Suite occurs in the Sir Joseph Banks group of islands in the southern Spencer
Gulf, and is the youngest granite known in the Gawler Craton being dated at 1510 ± 12 Ma
(Fanning 1997). The granitoids range from equigranular, medium-grained, grey biotite ±
hornblende granite to weakly foliated porphyritic granite with aligned tabular feldspar pheno-
crysts (Flint 1993b). Five samples are available, all collected by Rankin during regional
mapping.
8.3 SUMMARY OF CHEMISTRY
8.3.1 Glenloth Granite
The Glenloth Granite is magnesian, calc-alkalic to alkali-calcic and metaluminous to peralu-
minous in the scheme of Frost et al. (2001) (Figures 8.1A-C). It is felsic with between 69 and
72 wt% SiO . On the K O vs SiO  plot of Gill (1981) (Figure 8.1D) the samples fall in the
calc-alkaline and high-K calc-alkaline fields, and on the total alkali diagram of Cox et al. (1979)
modified by Wilson (1989) (Figure 8.1E) most of the samples plot in the subalkaline granite
field and some plot in the alkaline granite field. The Glenloth Granite has high Na O (Figure
8.1F), but there are clearly two groups. The granite forms two groups on Figure 8.1G, with
one group plotting in the tonalite to granodiorite fields, and the other in the granodiorite to
monzogranite fields. The granite is moderately reduced (Figure 8.1I), and has higher CaO vs
SiO  (Figure 8.1K) and CaO vs TiO  (Figure 8.1L) than most other Proterozoic granites in the
Gawler Craton. The two groups of the Glenloth Granite can be discerned on the CaO vs SiO 
plot, with one group having higher CaO than the other. Again, the two groups can be dis-
cerned on the Rb and Sr plots (Figures 8.1N & O), with one group having higher Rb and
lower Sr. The granite has low Ni and Cu, but high Zn (Figures 8.1S, T & U). The Th values are
mostly low to moderate, and do not correlate to Rb or Sr. However, the higher-Th samples do
correlate to higher-Pb samples (Figure 8.1Y).
There is only limited trace and rare earth element data for this granite. The Sr/Sr*, Zr/Y and
Eu/Eu* ratios (amongst others) can't be calculated, and the chondrite-normalised REE and
primordial mantle-normalised variation diagrams can't be plotted. It is therefore unknown
whether the Glenloth Granite is Sr-depleted Y-undepleted or not. The Glenloth Granite is
unusual compared to other Gawler Craton Proterozoic granites in that it is (partly) calc-
alkaline in nature, and has tonalite to granodiorite compositions. Further detailed work is
required on this granite to compare it against Archaean tonalite-trondhjemite-granodiorite
compositions and assess the implications of this in terms of models of crustal development of
the Gawler Craton (vis Kemp & Hawthorne 2003).
8.3.2 Donington Granitoid Suite
Intrusive activity at ~1850 Ma in the Gawler Craton was evidently quite compositionally
diverse yet confined to a short time interval. Compositions varied from ferroan to magnesian,
alkalic to calc-alkalic, and metaluminous to strongly peraluminous (Figures 8.1A-C), calc-
alkaline to shoshonitic (Figure 8.1D) and subalkalic to alkalic (Figure 8.1E). On the CaO-
Na O-K O plot (Figure 8.1G), the samples fall in the trondhjemite, granodiorite, monzogran-
ite and granite fields, and in both the tholeiitic and calc-alkaline fields on the AFM plot (Figure
8.1H). Jagodzinski’s (2005) samples from the Olympic Dam region range from moderately
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Figure 8.1.Comparison of Gawler Craton granites. Fields in A–C from Frost et al. (2001). Fe* = FeO   /
(FeO   + MgO). MALI (modified alkali-lime index) = NaO + KO - CaO. Shand ASI = Al / (Ca - 1.67P
+ Na + K). Fields in D from Gill (1981). Fields in E from Cox et al. (1979). Fields in H from Irvine &
Baragar (1971).
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Figure 8.1 (continued). Comparison of Gawler Craton granites. Fields in I from Blevin (2004).
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Figure 8.1 (continued). Comparison of Gawler Craton granites.
Q
R
S
T X
W
V
U
   
 	    	 
    
Figure 8.1 (continued). Comparison of Gawler Craton granites. Fields in AA from Eby (1990).
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Figure 8.2. Comparison of Gawler Craton granites. Chondrite-normalised Rare Earth Element patterns,
normalisation values of Taylor & McLennan (1985). Upper Crust values of Rudnick & Gao (2003). The
convergence in the HREE of the Tunkillia Suite pattern is an artefact of the analytical method used (Fer-
ris 2001).
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Figure 8.3. Comparison of Gawler Craton granites. Primordial mantle-normalised trace element variation
diagrams, normalisation values of McDonough et al. (1992) except P of Sun (1980), quoted in Rollinson
(1993). Upper Crust values of Rudnick & Gao (2003).
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Figure 8.3 (continued). Comparison of Gawler Craton granites. Primordial mantle-normalised trace ele-
ment variation diagrams, normalisation values of McDonough et al. (1992) except P of Sun (1980).
Upper Crust values of Rudnick & Gao (2003).
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reduced to strongly oxidised (Figure 8.1I). Some of these samples from the Olympic Dam
area have low CaO (Figures 8.1K & L). In general, the LILs Ba, Sr and Rb are low for all sam-
ples assigned to the Donington Granitoid Suite (Figures 8.1M-O). However, there is a sugges-
tion in the plots of Rb and Sr (Figures 8.1N & O) that a subgroup of the granites in the Olym-
pic Dam region have lower Rb and higher Sr than the majority of the Donington Granitoid
Suite.
The transition metals (Ni, Cu & Zn) are mostly low but show some scatter, with some sam-
ples having high values (Figures 8.1S-U). Likewise, the HFSE (U, Th & Pb) are mostly low but
with some high values (Figures 8.1V, W, Y & AA).
Trace and rare-earth elements data is limited for the Colbert Suite and Mortimer’s (1984)
southern Eyre Peninsula Donington Suite samples. Sr/Sr* and Eu/Eu* can be calculated for
Jagodzinski's (2005) Olympic Dam region samples and only a few from the other datasets.
Most of the samples have low Sr/Sr* and low Zr/Y, indicating Sr-depletion Y-undepletion
(Figure 8.1Q). Most samples show a negative Eu anomaly (Eu/Eu* < 1; Figure 8.1R), sug-
gesting a feldspar-residual source, or feldspar fractionation. Most samples have low Nb and
moderate to high Y (Figure 8.1AB). The Y/Nb ratio (Figure 8.1AD) suggests that the Colbert
Suite, the Donington Suite on the Eyre Peninsula, and some of the Olympic Dam region sam-
ples are similar to each other. Most of the samples have a similar ratio to the HAG (Figure
3.6.1AD), and are higher than the Moody Suite and Paxton Granite and lower than the
Tunkillia Suite.
The low (Ce/Y) ratio (Figure 8.1Z) suggests a moderate enrichment of LREE compared to
HREE. This is seen in the REE patterns (Figures 8.2A-C) for each of the Colbert, Donington
and Jag DGS patterns. Most of the samples represented have significant negative Eu anoma-
lies. However, the samples from the Olympic Dam region (Jag DGS) show a wide range of
patterns, including samples with strong positive Eu anomalies, some with relatively flat pat-
terns, and one with high HREE.
Although complete spidergrams can't be drawn for the Colbert and Donington samples, it is
evident that almost all of the samples (including the Jag DGS) are Sr-depleted, Y-undepleted.
The broad range in compositions included in these groups is reflected in the wide range of
ratios for all of the elements shown. Although the abundance's are a little different, the pattern
is similar to that for the Paxton Granite (Figure 8.3D). Some of the Donington samples have
very low Ba values.
8.3.3 Middle Camp Granite
The granite is alkalic to alkali-calcic, and metaluminous to mildly peraluminous (Figures 8.1B
&C). It has a relatively broad range of composition, with between 59.7 and 70 wt% SiO . The
granite has moderately high K O and Na O, and mostly plots above the alkalic-subalkalic line
on the total alkali diagram (Figures 8.1D-F). MgO is high at low SiO , but low at higher SiO ,
compared to the other granites considered here (Figure 8.1J). CaO for most samples is low
(Figure 8.1K & L). None of the five samples of the Middle Camp granite were analysed for
FeO, so the Fe-number and oxidation state are not known (Figures 8.1A & I). Ba is moderate,
Rb not analysed, and Sr mostly high (Figures 8.1M-O). The granite has high Ni, and variable
Cu and Zn, ranging from high to low (Figures 8.1S-U). Uranium and Th are high, and the
Th/U ratio is within the normal upper crustal range (50% granite) of 4–6 (Sun pers. comm.
1998, Wedepohl 1995, Gao et al. 1998, Rudnick & Gao 2003) (Figures 8.1V-X). Lead is also
high, Nb is moderate, and Y below the level of detection for the method used (Figures 8.1Y &
AB).
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No REE analyses were done. Figure 8.1AC shows that the granite is relatively high in Sr and
low in Y (b.l.d. of method used), and the spidergram (Figure 8.3E) shows lower Sr and Y than
the Paxton Granite, which is approximately the same age. No conclusion is drawn from this,
however, because the Middle Camp Granite is mostly less felsic than the Paxton Granite, and
there is no REE data to calculate ratios such as Sr/Sr* and Eu/Eu*. Therefore, it is unknown
whether the Middle Camp Granite is Sr-depleted Y-undepleted or not.
8.3.4 Moody Suite
The Suite covers a broad composition range, from 52.8 to 73 wt% SiO , but each granite com-
prises only a narrow composition range. The granites are alkalic to alkali-calcic, and mostly
metaluminous to mildly peraluminous (Figures 8.1B & C). The felsic samples of the
Moreenia, Yunta Well and Carappee intrusions are more strongly peraluminous. Most of the
Moody Suite samples have high K O and moderate Na O, except the Yunta Well Leucogran-
ite which has moderate K O and high Na O (Figures 8.1D & F). The less felsic samples plot
above the alkalic - subalkalic divide on Figure 8.1E, with the more felsic samples above and
below the line. Most samples have low MgO (Figure 8.1J), except for some parts of the Yunta
Well Leucogranite. All have low CaO (Figures 8.1K & L), and the Yunta Well Leucogranite
have TiO  below the level of detection of the method used. None of the five granites included
in the Moody Suite were analysed for FeO, so the Fe-number and oxidation state are not
known (Figures 8.1A & I).
The less felsic Chinmina Monzonite has very high Ba and Sr, while the more felsic units have
moderate to low levels of these elements (Figures 8.1M & O). All parts of the Suite have mod-
erate Rb (Figure 8.1N). The Yunta Well Leucogranite has very high Rb/Sr (up to ~55: Figure
8.1P), while the other units are low. Most of the Suite has low Ni and Cu, and moderate Zn
(Figures 8.1S-U). The Carappee Granite has slightly higher abundances of these elements.
Most of the Suite has low to moderate U and Th, but a sample of the Moreenia Monzogranite
has high Th and a high Th/U ratio (Figures 8.1V-X). The granites have moderate abundances
of Pb (Figure 8.1Y) and Nb (Figure 8.1AB), except for the Yunta Well Monzonite which is
high. Yttrium is moderate (Figure 8.1AB), and the Y/Nb ratio is generally low for the Suite,
but with some scatter (Figure 8.1AD).
The three granites which have enough data to plot a REE pattern (Chinmina, Moreenia &
Carappee: Figure 8.2E) all have high LREE decreasing to low HREE, with a variable negative
Eu anomaly. The Chinmina Monzonite has high REE, but it is relatively mafic. Overall, the
patterns are quite similar to the Paxton Granite, but the abundances are higher. For these few
samples that were analysed for REE, the Sr/Sr* and Eu/Eu* ratios are low (Figure 8.1Q &
R). On a diagram of Sr vs. Y (Figure 8.1AC), most of the granites of this Suite have low Sr and
low to moderate Y, except for the Chinmina Monzonite, which has high Sr. The primordial
mantle-normalised multielement variation diagram (Figure 8.3F) shows a similar pattern to
the Paxton Granite, but abundances are different. There are notable depletions of Ba, Sr, P
and Ti, but the Ba depletion in the Carappee Granite is extreme, and the Sr anomaly is deep
for most units. The pattern shows that the Suite is Sr-depleted Y-undepleted.
8.3.5 Tunkillia Suite
The Tunkillia Suite includes compositions that range from ferroan to magnesian, and alkalic
to calc-alkalic, and most are peraluminous (Figures 8.1A-C). This broad range immediately
suggests that this dataset has not been subdivided sufficiently. Most of the samples have high
K O (moderate within the range of granites here, but in the high-K to shoshonite fields on
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Figure 8.1D) and moderate Na O (Figure 8.1F). Many of the samples are subalkalic (Figure
8.1E). Most samples have moderate MgO, but some are low (Figure 8.1J). There is a range of
CaO abundances, from high to low (Figures 8.1K & L). Of the LILs, Ba and Sr are high, while
Rb is relatively low (Figures 8.1M-O). The Rb/Sr ratio increases slightly with increasing SiO ,
indicating that feldspar fractionation is occurring, but evidently not to the same extent as
some other Suites (Figure 8.1P).
Nickel is very low, but the other transition elements Cu and Zn are moderate (Figures 8.1S-
U). All of the HFSE are low (U, Th, Pb, Nb - Figures 8.1V, W, Y & AB). Many of the analyses
of Nb are below the level of detection of the method used. The REE show the poor levels of
detection of the analytical method used, but show a general trend of higher LREE than
HREE, with a negative Eu anomaly (Figure 8.2F). The analytical method used means that the
Sr/Sr* and Eu/Eu* ratios may be suspect, especially the high Eu/Eu* ratios. The analytical
method produces a messy primordial mantle-normalised multielement variation diagram
(Figure 8.3). Most of the samples are Sr-depleted Y-undepleted.
8.3.6 Munjeela Granite
This granite is magnesian, alkalic to alkali-calcic, and peraluminous (Figures 8.1A-C). The less
felsic samples are moderately reduced (Figure 8.1I). This granite has moderate K O and Na O
(compared to the other granites considered here), and is alkalic (Figures 8.1D-F). It has low
MgO and CaO (Figures 8.1J-L). Barium and Sr are low, and Rb is very high, and this gives the
granite a high Rb/Sr ratio (Figures 8.1M-P). The Sr/Sr* and Zr/Y ratios are very low, and the
Eu/Eu* ratio is moderate (Figures 8.1Q & R). Abundances of the transition and high field
strength elements are all moderate (Figures 8.1S-Y, AA), except for Nb which is high (Figure
8.1AB). The (Ce/Y) ratio is low, indicating a steep REE trend. The Y/Nb ratio is low (Fig
8.1AD). The REE pattern is quite typical of most of the granites considered here, having high
LREE and low HREE, with a pronounced Eu anomaly. The spidergram is unusual in having
high Cs, almost no Nb or P anomaly, and low Hf and Zr.
Ferris (2001) classified the Munjeela Granite as an unfractionated restite-dominated S-type,
on the basis of it being muscovite and garnet-bearing, peraluminous, and containing enclaves
of metasediment. S-type granites are rare in the Australian Proterozoic, and their presence in a
particular area can give information on the crustal history of that area (Budd et al. 2001a, b). It
is therefore important to verify such a classification. Petrographically, muscovite and garnet
are not restricted to S-type granites, as fractionated I-type granites can have muscovite and
spessartine (Mn-rich garnet) (Wyborn 2001). Chappell & White (2001) state that cordierite is
diagnostic of S-type granites, but hydrous alteration changes this to muscovite. So for the
Munjeela Granite, the type of garnet needs to be established. Chemically, S-type granites are
characterised by low Na O & CaO, and high P O compared to I-type granites (Chappell &
White 1992, Chappell & White 2001). The Munjeela Granite is not significantly different to
the HAG or Paxton Granite in these elements.
Ferris (2001) stated that this granite is unfractionated. The Rb/Sr values of ~13 at ~72 wt%
SiO  are actually quite high, suggesting that the granite is fractionated. Chappell (1999) shows
that in the Lachlan Fold Belt, the contrast in Al-saturation between I- and S-types leads to dif-
ferences in P abundances, and this means that elements that occur in phosphate minerals,
such as Y, REE and Th, show different behaviour between fractionated I- and S-type gran-
ites. As stated above, the Munjeela Granite is not seen to be significantly different to the Hil-
taba & Moody Suites and the Paxton Granite in these elements. Therefore, it is suggested that
the Munjeela Granite is a crustally-contaminated moderately fractionated I-type granite.
   
 	    	 
    
8.3.7 Spilsby Suite
The Spilsby Suite is ferroan, alkali-calcic to calc-alkalic, and metaluminous (Figures 8.1A-C).
It has high K O and despite low Na O, plots above the alkalic-subalkalic dividing line on Fig-
ure 8.1E. It has low MgO and moderate CaO (Figures 8.1J-L). Ba and Sr are moderate to low,
and Rb is high (Figures 8.1M-O). Rb/Sr increases for the most felsic samples, indicating the
occurrence of some fractionation (Figure 8.1P). Nickel is low, Cu is moderately low, and Zn is
moderate (Figures 8.1S-U). Uranium increases very steeply with increasing SiO , while Th
decreases very sharply with increasing SiO  (Figures 8.1V & W). The Th/U ratio for three of
the samples is very high (Figure 8.1X), possibly indicating some alteration, although none was
noted in the plots of K O or Na O. The other HFSE, Ce and Nb are all moderate to high
(Figures 8.1Z & AB). Lead is high (Figure 8.1Y). No REE data are available, and the spider-
gram is incomplete.
A-type granites are defined as having high SiO , Na O+K O, Fe/Mg, Ga/Al, HFSE, triva-
lent REE, Zn, and low CaO and Sr (Whalen et al. 1987, King et al. 1997). The Spilsby Suite
shows most of these traits to some extent, although there is a problem with lack of analyses
for some key elements, including the REE and F. Further detailed chemical analyses are
required for this. It is also recognised that distinguishing felsic fractionated I-types from felsic
A-types is difficult (e.g. King et al. 1997).
8.4 CONCLUSIONS
Figures 8.4 and 8.5 show how granitoids in the Gawler Craton vary through time in their silica
and Na O versus K O contents, respectively. With the exception of the dominantly mafic
events (Tournefort Dyke Swarm, Muckanippie Anorthosite Suite), none of the divisions are
dominated by andesitic (50–60 wt% SiO ) compositions (Figure 8.4). Several of the events
show silica gaps, or bi-modality: the Miltalie Gneiss; the Donington Granitoid Suite; the Min-
brie Gneiss; the 1760 Ma volcanics; the Kimban granites; the Moody Suite; the Lincoln com-
plex; and the 1680 Ma granites. Some of the lack of intermediate compositions in some of
these suites may be a sampling artefact.
There appears to be relatively little difference in Na O and K O contents between granites of
the various groups, except that the Archaean generally has lower K O (Figure 8.5). Most of
the granites have between 2–5 wt% Na O and 3–7 wt% K O. The Donington Granitoid Suite
has slightly lower, and the St Peter Suite slightly higher, Na O than other groups. The Spilsby
Suite has low Na O, and the mafic divisions (Tournefort & Muckanippie) have low K O.
This examination hints at some significant changes in character through time in the Gawler
Craton, for example, it appears that the young granites are more alkalic than the older granites
(Figure 8.1B). Such changes may reflect crustal development from Archaean through to the
Mesoproterozoic. However, the dataset is incomplete, and further sampling, detailed geo-
chemistry, geochronology and isotopic data are needed to get the most information out of the
granites in terms of understanding the crustal development of the Gawler Craton. Particular
points about each suite are discussed below.
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The high Na O, low K O of parts of the Glenloth Granite suggest some similarities to
Archaean tonalite-trondhjemite-granodiorite granitoids. More data is needed.
The Donington Granitoid Suite is very diverse, and Jagodzinski (2005) dated a variety of
lithologies, all with similar ages. Mortimer et al. (1984) suggested that the quartz gabbronorite
in the southern Eyre Peninsula represents a cumulate of plagioclase, orthopyroxene, clinopy-
roxene and minor biotite with ~40% interstitial liquid, while the large volume of alkali feld-
spar granite possibly represents the residual magma following fractionation of the hypers-
thene granitoids. Such cumulate effects are also seen in the Stuart Shelf region in Jagodzinski's
(2005) data, where some of the granites have positive Eu anomalies indicating plagioclase
accumulation. Some parts of the Donington Granitoid Suite have very high REE (Figure 8.2C).
It is evident that the Paxton Granite, Middle Camp Granite, and various parts of the Moody
Suite have a similar general character, but given the (subtle) differences in chemistry, and their
geographic distribution, are not grouped together in one Supersuite.
Likewise, the Tunkillia Suite is generally similar to the Paxton and Middle Camp Granites and
Moody Suite that immediately precede it. This is intriguing, as the Paxton Granite is chemi-
cally very similar to Hiltaba Association granites in the Tarcoola area (Chapter 5). It means
that felsic granites emplaced in the period ~1730 Ma to 1575 Ma are broadly similar in charac-
ter. Ferris (2001) and Ferris et al. (2002) suggested that the ~1630 Ma St Peter Suite, in the
middle of the period ~1730 to 1575 Ma, is arc-related and different in character to the other
granites. Unfortunately, data for the St Peter Suite is lacking to verify whether all of the gran-
ites in the Nuyts Domain are of the arc-related character as suggested by Ferris et al. (2002), or
whether only a few intrusions are of this type.
The Munjeela Granite is probably not a S-type granite. Further geochemical sampling, garnet
chemistry, zircon inheritance studies, and Nd isotope analysis are needed. If this is a S-type
granite, it would imply that at this time and place in the Gawler Craton, a sedimentary basin of
sufficient depth for melting to occur had formed, and the geotherm was also elevated.
The Spilsby Suite may be a genuine A-type granite. This may imply that cratonisation had
been completed shortly after the GRHVP event, as A-type granites are commonly emplaced
in intracontinental extensional settings (Whalen et al. 1987, Eby 1990). Possible sources for A-
type granites include partial melting of granodiorites or previously dehydrated crust (granu-
lite), or extreme differentiation of basalts (see Table 9.9). Neodymium isotope analyses may
be able to show that the Spilsby Suite was derived from melting of the crustal residue of the
Donington Granitoid Suite.
It is not the intention of this work to examine the tectonic history of the Gawler Craton: felsic
granites do not provide sufficient constraints themselves to be reliable indicators of past tec-
tonic settings. The debate over the origin of the Lachlan Fold Belt granites is an example of
this (Gray 1984, Collins & Vernon 1994, Keay et al. 1997, Collins 1998, Chappell et al. 1999,
Collins 1999). Other lines of evidence must be used.
The Gawler Craton is one of relatively few Australian Proterozoic provinces with outcrop-
ping Archaean basement. Prior to Daly et al. (1998), most models for Gawler Craton evolu-
tion did not invoke subduction. Daly et al. (1998) and Ferris et al. (2002) both invoked subduc-
tion, and related it to mineralisation. Ferris et al. (2002) use Pearce type diagrams of the gran-
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Figure 8.4 Silica histograms of most of the igneous events of the Gawler Craton. Data from PIRSA,
OZCHEM, this study, Stewart (1994), Giles (1988), Ferris (2001), Mortimer (1984), Creaser (1989),
Wurst (1994). Archaean: Blackfellow Hill Pyroxenite; Christie & Kenella Gneiss; Coulta, Glenloth,
Kiana, Wangary & Whidbey Granites; Lake Harris Komatiite; metaigneous Mulgathing & Sleaford Com-
plexes. Donington Granitoid Suite includes the Colbert Suite. 1760 Ma group: McGregor & Myola Vol-
canics. Kimban group: Moonta Porphyry & Paxton Granite. Moody Suite: Chinmina, Carappee, Burkitt,
Carpa, Moreenia, Yunta Well & Wertigo Granites. 1680 Ma group: Tunkillia Suite, Symons Granite &
Ifould Complex. St Peter group: St Peter Suite, Nuyts Volcanics, St Francis Granite.
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Figure 8.5. KO vs NaO content of most of the igneous events of the Gawler Craton. Data from PIRSA,
OZCHEM, this study, Stewart (1994), Giles (1988), Ferris (2001), Mortimer (1984), Creaser (1989),
Wurst (1994). High KO and low NaO compositions often indicate alteration. The field representing the
majority of unaltered GRHVP analyses is shown on each plot. See caption Figure 8.4 for groups.
ites to support their arguments for subduction-related signatures in various of the granites.
However, with few exceptions, all of the Proterozoic granites in the Gawler are Sr-depleted
Y-undepleted, a signature that is consistent with residual plagioclase in the source region, with
depths of melting of <35 km, and requiring an elevated geotherm (Wyborn et al. 1992). Fur-
ther, known high-P, low-T metamorphism typical of collision/arcs is limited to the Neill
Event at ~1850 Ma on the Eyre Peninsula and Stuart Shelf (Mortimer et al. 1988a, Hoek &
Schafer 1998, Vassallo & Wilson 2002), and the Ifould Complex (~1680 Ma) in the western
Gawler (Ferris et al. 2002). Considerably more work is needed across the Gawler Craton to
confidently decipher its crustal evolution, and to be able to place it in context of the supercon-
tinent Rodinida (Hoffman 1989, Peucat et al. 1999, Karlstrom et al. 2001, Thorkelson et al.
2001, Zhao et al. 2002, Zhao et al. 2004), as previously suggested by Giles (1988) and Creaser
(1996).
	   
  	 
      	 
9.1 INTRODUCTION
This section considers the genesis of the Hiltaba Association Granites (HAG), and the related
Gawler Range Volcanics. Chemical modelling of some of the granitoids in the Tarcoola
region is used to establish the likely differentiation mechanisms of these granitoids. Other evi-
dence, such as their isotopic signatures, are used to constrain their possible sources, and a
comparison against granites from other provinces is used to discuss possible melting mecha-
nisms and tectonic settings.
The original theme of this project was to investigate in detail the HAG thought to be associ-
ated with gold mineralisation such as that at Tarcoola, and compare them to those around
Olympic Dam associated with copper-gold mineralisation. Dating by this study revealed that
the Paxton Granite host to mineralisation at Tarcoola is ~1720 Ma, which may be interpreted
to mean that an intrusion-related gold model is not applicable for the HAG. However,
40Ar/39Ar dating at Tarcoola showed that the mineralisation was the same age as intermediate
dyking at ~1580 Ma. These dykes of the Lady Jane Diorite are within the age range of the
HAG. This and other dating confirms that the Gawler Ranges-Hiltaba volcano-plutonic
(GRHVP) event was a very important mineralising event across much of the Gawler Craton.
The general character of the Proterozoic granites in the Tarcoola region, including those of
the HAG, has been described in Chapter 6, and is summarised again here. In general, the
HAG and felsic parts of the GRV have: high K2O, Fe/Mg, Na+K, and incompatible trace
elements Rb, U, Th and LREE (except for a negative Eu anomaly); moderate to high HFSE
and F; and low CaO, N2O, Al2O3, Ba, Sr and compatible trace elements (eg P, Ti, Ni, Cr) com-
pared to Phanerozoic granites such as the Lachlan Fold Belt I-types (e.g. Chappell & White
1992). Most of the HAG are metaluminous to mildly peraluminous, oxidised (magnetite sta-
ble), and variably fractionated. Under the classification scheme of Frost et al. (2001) the HAG
are mostly magnesian and metaluminous, however, there is a wide range in the modified
alkali-lime index (MALI). Further, the granites and volcanics of the GRHVP can be divided
into four supersuites: the A-type Roxby Supersuite; the Venus Supersuite that shows many
characteristics of A-types but is magnesian rather than ferroan; and two I-type groups sepa-
rated on the basis of degree of fractionation, the strongly evolved and fractionated Malbooma
Supersuite and the moderately evolved and fractionated Jenners Supersuite (Chapter 7). The
low Ca, Na, Al and Sr-depleted Y-undepleted signature of all parts of the GRHVP indicate
derivation from a plagioclase-residual source, while the high K, HFSE and LILE and LREE
indicate an evolved source, either a tonalitic-granodioritic source (Creaser et al. 1991) or
extreme differentiation from a basaltic source (Loiselle & Wones 1979).
9.2 GEOCHEMICAL MODELLING
The petrogenesis of the Pegler and Kychering Granites is considered in detail here. These
granites are taken as representative of the Jenners and Malbooma Supersuites of the HAG in
the Tarcoola area. Although they are broadly similar, they show differences (from each other)
in age, chemistry, and Pb and Sm-Nd isotopes.
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The aim of this geochemical modelling is to constrain the possible differentiation models for
the Pegler and Kychering Granites of the Hiltaba Association. Chappell (2004) describes
seven granite differentiation mechanisms. They are:
1. variation inherited from heterogeneous source rocks;
2. varying degrees of partial melting;
3. magma mixing and/or mingling;
4. restite fractionation (crystal fractionation of entrained crystals);
5. fractional crystallisation (crystal fractionation of precipitated crystals);
6. assimilation or contamination; and
7. hydrothermal alteration.
Hydrothermal alteration is ruled out for the Pegler and Kychering Granites on the basis of
their mostly unaltered mineralogy. The lack of zircon cores, and presence of curved chemical
trends (see Chapter 6) argue against magma mixing and/or mingling and restite fractionation
as the differentiation mechanisms for these two granites. Variation inherited from heteroge-
neous source rocks, and assimilation/fractional crystallisation would best be tested isotopi-
cally, which has not been done in this study, but has been done for other parts of the GRHVP
(Stewart 1994, Creaser 1995, 1996). Batch melting and fractional crystallisation processes can
be modelled using major and trace elements (including REE), and the results of this model-
ling can provide evidence for determining the type of variation mechanism at work.
To test batch melting and crystal fractionation, the approach taken is similar to that of Lan-
denberger & Collins (1996). Major element modelling of the system parent = daughter + min-
erals was used to determine the degree of melting and crystallising phases. The crystallising
phases are constrained by petrography to be the early-formed minerals observed in the par-
ent. The melt proportion (F) and relative proportion of mineral phases is then used in trace
element modelling, according to the methods of Hanson (1978) and Hanson (1980).
Major element modelling by the least squares method (Le Maitre 1981) was performed using
the program PETMIX IV v.2.1b of Kevin W. Laurent, USGS. Mineral compositions were not
determined for either of the Pegler or Kychering Granites, therefore compositions of the
Paxton Granite (this study) or from literature were used, as specified in Table VI.1. In general,
modelling conformed to the data of Champion (1991) that plagioclase anorthite content
approximates to whole-rock CaO/(CaO+Na2O) value; and that whole-rock mg# < mineral
mg# (Champion 1991).
Trace element modelling was performed in Microsoft Excel using the fractional crystallisa-
tion [CL = CO•F(D-1)] and batch melting [CL = CO/(D(1-F)+F)] equations of Hanson (1980),
where CL = weight concentration of element in liquid melt, C0 = weight concentration of ele-
ment in parent, F = weight fraction of element relative to original parent, and D = bulk distri-
bution coefficient of a given element for the residual mineral phases at time of separation of
melt and residue. The partition coefficients for each model are shown in the corresponding
data table. The bulk element partition coefficients calculated during trace element modelling
were then used to plot partial melting and fractional crystallisation trends for selected
elements.
Modelling of differentiation with the Pegler and Kychering Granites was undertaken in two
steps: the least felsic to the middle composition; and the middle composition to the most fel-
sic. Several other models were run to evaluate possible parents to these granites. Sample 2101
is an ungrouped granodiorite and is one of the least felsic granites thought to be part of the
HAG collected by this study in the Tarcoola region, so it was modelled as a more mafic com-
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ponent to the Pegler and Kychering Granites. This was in preference to using an unspecified
granodiorite content from the literature. Additionally, sample 2008A of the Lady Jane Diorite,
and the ungrouped andesitic sample 2118 (assumed to be part of the GRV) were modelled as
even more mafic components to the HAG. Additionally, the most felsic sample of the Pegler
Granite was modelled as a possible parent to the least felsic sample of the Kychering Granite.
This was done to test the possibility that the chemical differences observed between the two
granites reflects the degree of evolution, rather than different source compositions.
9.2.1 Uncertainties and sources of error
There are numerous uncertainties within the geochemical modelling conducted here. Some of
them are nearly impossible to quantify, and the result of this is that the modelling must be
viewed as a guide rather than a definitive answer. In the major element modelling, in some
cases the parent-daughter relationship is uncertain, so that even if a ‘good result’ is achieved, it
is perhaps meaningless. The least squares method is sensitive to the mineral compositions
used; the compositions used should be those of the early-crystallising phases, however com-
positions from the literature were generally used here. A common criticism of forward model-
ling of trace elements concerns the validity of the mineral-melt distribution coefficients used
(Hanson 1989). Mineral-melt distribution coefficients used here are found to vary with melt
peraluminosity (Prowatke & Klemme 2005) and melt structure (Ewart & Griffin 1994).
Mineral-melt partition coefficients were selected from observations and experiments on
andesites, dacites and rhyolites where appropriate in order to minimise such effects. Finally,
the bulk partition coefficients used in plotting the partial melting and fractional crystallisation
trends of Figures 9.3–5 were derived as the end calculation based on many assumptions out-
lined above.
9.2.2 Pegler Granite Petrogenesis
9.2.2.1 Geochemical Modelling
The petrography of the Pegler Granite is described in Appendix VIII.15, and the chemistry in
Chapter 6. Plagioclase, amphibole and biotite are early crystallising phases in samples 2101,
2191 and 2192B. Titanite and zircon are also early in 2191 and 2192B, and orthoclase in
2192B. Major element modelling was carried out in two steps: 2191 to 2192B; 2192B to
2192A. Additionally, the hypothetical step 2101 – 2191 was modelled as a possible mafic end-
member/parent composition. Results are given in Tables 9.1 and 9.2. All of the model runs,
and compositions used, are given in Appendix VI.
The major element modelling shows that considerable fractionation is required in each step.
Approximately 27% fractionation is required in the hypothetical step 2101 to 2191 (4.81 wt%
SiO2 increase), dominated by ~61% An55 plagioclase, with ~29% amphibole (mg# 0.36) and
~10% biotite (mg# 0.23) (Table 9.1). Trace element modelling suggests the crystallisation of
0.5% titanite (Table 9.2). Rubidium and thorium appear deficient in the parent granodiorite
2101, but U is not. It should be noted that these deficiencies occur even when using the most
extreme KD values for equivalent rocktypes available in the literature (see Appendix V). The
U/Th ratio for 2191 is 0.20, as opposed to 0.39 for 2101. The relative abundance of Th in the
daughter melt (i.e. sample 2191) cannot be readily explained by crystal accumulation. For
example, the addition of zircon would not significantly change the Th/U ratio. The relative
abundance of Rb in the daughter may indicate accumulation of a small amount of orthoclase
or biotite, perhaps via crystal floatation in the upper parts of a fractionating magma chamber.
However, with both of these minerals, an increase in Ba would also expect to be seen,
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Reactant Product SiO  F Plagioclase (An) Hbl (mg#) Biotite (mg#)
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Table 9.1. Summary of results of least squares modelling of major elements for the Pegler and Kychering
Granites, and basalt (Lady Jane Diorite 2008A), andesite (2118) and granodiorite (2101). See text for
method. # = augite, * = ilmenite. An = anorthite content, Hbl = hornblende, mg# = MG/Fe ratio, Alk feld
= alkali feldspar, Qtz = quartz, Ttn = titanite, Zrc = zircon, Mgt = magnetite, RSS = residual sum squares.
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although this may be compensated for by using different partition coefficients. Modelling by
batch melting provides quite similar results if different partition coefficients are used. The
modelling suggests that the Pegler Granite cannot be derived from moderate amounts of frac-
tional crystallisation of a magma with the composition of rock 2101 alone, but that either
other assimilants are needed in either an AFC or periodically Replenished periodically Tapped
continuously Fractionated (RTF; O’Hara & Mathews 1981) open system, or sample 2191 has
preferentially accumulated a high Rb mineral, or a previous melt fraction had already been
removed leaving a fraction preferentially enriched in Rb, indicating a zoned magma chamber
undergoing convective fractionation (e.g. Sparks et al. 1984, Wyborn et al. 1987, 2001, Wyborn
& Chappell 1986.)
A lower degree of fractionation is required in major element modelling between the least fel-
sic and intermediate silica members of the Pegler Granite itself: ~11.8% for a 5.02 wt%
increase in SiO2 from 2191 to 2192B (Table 9.1). Plagioclase An25 is the dominant crystallising
phase (~65%), with ~18% amphibole (mg# 0.2), ~14% biotite (mg# 0.39) and ~2% titanite
and ~0.2% zircon. Trace element modelling of fractional crystallisation is quite consistent
with the major element modelling, with slight variations in the relative amounts of horn-
blende, biotite and titanite. The parent 2191 appears to be deficient in Pb, U and Th. The
U/Th ratio is similar for parent, daughter and model, and the small difference in abundance
between modelled and measured concentration is probably due to inappropriate KD values.
This probably applies also to some of the REE. Modelling of these trace elements is domi-
nantly controlled by small amounts of zircon and titanite, which have very high mineral/melt
distribution coefficients for the light and middle REE respectively, and hence the model is
very sensitive to small changes of distribution coefficient. Published distribution coefficients
for titanite, for example, vary significantly (see Prowatke & Klemme 2005, Lynton et al. 1993).
Batch melting produces quite similar results to the fractional crystallisation.
A larger increase of 7.54 wt% SiO2 between 2192B and 2192A required ~31.7% fractionation
in major element modelling. Crystallisation is dominated by ~53% plagioclase An35, with
lesser and subequal amounts of biotite (mg# 0.39; ~20%) and ~16% orthoclase, with ~9%
amphibole (mg# 0.36), 1.4% titanite, and 0.03% zircon. Trace element modelling by frac-
tional crystallisation is consistent with the major element modelling, but shows the involve-
ment of trace amounts of allanite, and slightly more zircon but less titanite (Table 9.2). Batch
melting can also produce a reasonable fit, by using extremely high KDs for Sr and Ba in all min-
eral phases, and also by doubling the amount of crystallising titanite (not shown).
The major element and trace element fractional crystallisation and batch melting modelling
reflects the petrography: plagioclase, amphibole and biotite are early crystallising phases in all
of the samples, and titanite, zircon and then orthoclase become early crystallising phases in
the later stages of differentiation. This modelling demonstrates that either fractional crystalli-
sation or batch melting are effective mechanisms to account for most of the differentiation of
the Pegler Granite, but that in some cases either convective fractionation or an open system
involving AFC or RTF processes is indicated.
9.2.2.2 Nd & Pb Isotopes
Neodymium and Pb isotopes provide constraints on the Pegler Granite, in addition to the
whole-rock geochemistry. Whole-rock powder of sample 2193 was analysed for neodymium
isotopes, and the results are summarised in Table 9.3. Epsilon Nd is -3.05, the model age is
1.83 Ga. K-feldspar from the same sample has retarded uranogenic Pb compared to the
Kychering and Paxton Granites (Table 9.4). It has a model  value of only 9.12 (Table 17.4).
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This is the result of a source with lower U/Th ratio than typical, indicative of melting from
lower to middle crustal sources (Zartman & Haines 1988, Rollinson 1993), from a source that
had undergone granulite facies metamorphism, but the opposite to the decrease in Th/U
observed by Williams & Claesson (1987). The lower portion of ancient crust is frequently
composed of pyroxene granulite or other highly metamorphosed rocks that have quite low
uranium contents and low 238U/204Pb (S.-S. Sun pers. comm. 2003), the result of preferential
removal of U during metasomatism, metamorphism or anatexis.
Very few Pb isotope analyses have been carried out on the HAG or GRV. Roache (1996)
included one analysis of the Cunyarie Granite and several of the Charleston Granite (Table
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Sampno Description
Sm
(ppm)
Nd
(ppm)
 Sm/
 Nd
 Nd/  Nd 2SE Age
Initial
 Nd/  Nd
I  Nd
Model
age
2004 Paxton MZG 10.53 66.55 0.0956 0.511273 7 1722 0.510190 0.5104103 -4.3 2050
2004(rpt) Paxton MZG 10.22 64.58 0.0957 0.511255 9 1722 0.510171 0.5104103 -4.7 2080
2005D Paxton QZM 9.63 60.20 0.0967 0.511288 9 1718 0.510197 0.5104194 -4.4 2050
2008B Paxton SYG 6.5 42.3 0.0926 0.511176 9 1715 0.510132 0.5104207 -5.7 2130
2007D Lady Jane DRT 5.6 27.4 0.1230 0.511878 8 1582 0.510599 0.5105923 0.1 1570
2167 Kychering GRT 5.23 35.55 0.0889 0.511439 8 1574 0.510519 0.5106027 -1.6 1690
2193 Pegler GRT 8.76 53.69 0.0987 0.511458 9 1591 0.510426 0.5105806 -3.0 1830
Table 9.3. Sm-Nd isotope data for unaltered intrusives, this project. Analysed by Roland Maas (University
of Melbourne), see Appendix IV.9 for analytical methods. DRT = diorite, GRT = granite, MZG = monzo-
granite, QZM = quartz monzonite, SYG = syenogranite.
Model age = (ln(1+( Nd/ Nd - 0.512638)/( Sm/ Nd - 0.1967))/0.00654).
Sample Material
Pb/
Pb
Pb/
Pb
Pb/
Pb
2004 kfs 15.787 15.328 35.480
2005D kfs 15.738 15.314 35.416
2167 kfs 15.910 15.330 35.700
2193 kfs 15.669 15.292 35.609
2004wr* granite wr 19.360 15.707 40.764
2004wr* granite wr 19.359 15.707 40.764
2004wr* granite wr 19.356 15.706 40.764
2005Dwr* granite wr 17.783 15.536 38.774
2007Awr* granite wr 16.972 15.455 37.211
2004 wr 19.390 15.717 93.113
2005D wr 17.826 15.548 102.789
2007A wr 16.998 15.464 75.550
U,
ppm
Pb,
ppm
U/
Pb
2004 wr 4.830 28.550 11.219
2005D wr 3.150 28.770 6.897
2007A wr 4.600 86.140 3.257
Table 9.4. Pb isotope results, Paxton, Pegler & Kychering Granites.
Analysed by R. Maas, University of Melbourne. * = unspiked.
Unit Sample
Pb/
Pb
Pb/
Pb
Pb/
Pb
Cunyarie fel 16.441 15.413 33.124
Charleston fel/1 17.364 15.525 37.752
Charleston fel/2 16.194 15.381 36.190
Charleston fel/3 16.112 15.369 36.100
Charleston fel/4 16.206 15.386 36.214
Table 9.5. Pb isotope results, Cunyarie & Charleston Gran-
ites of the Hiltaba Suite, Eyre Peninsular. Roache (1996).
9.5). There is therefore little to compare the Pegler Granite against, and it is impossible to
determine how widespread such uranogenic-lead retarded granites may be in the HAG.
9.2.2.3 Zircon saturation temperature
Watson (1979) and Watson & Harrison (1983) showed experimentally that the partition coef-
ficient of Zr in zircon is a function of the parameter M = (Na + K + 2Ca)/(Si  Al), and tem-
perature. If a metaluminous rock composition is that of a liquid that was just saturated in Zr,
then its temperature can be calculated from the measured major element composition and Zr
content. Miller et al. (2003) rearranged the relationship of Watson & Harrison (1983) to give a
melt geothermometer:
TZr = 12 900/[2.95 + 0.85M + ln(496 000/Zrmelt)]
where 496 000 is the partition coefficient for Zr between zircon and melt; M is the composi-
tional factor expressed as a cation fraction; and T is temperature in Kelvin.
Miller et al. (2003) note the following regarding application of the geobarometer to granitic
rocks: (1) zircon solubility is largely insensitive to pressure and appears to deviate only for dry
(<~1.5 wt% H2O) or peralkaline melts; (2) the melt must be saturated in zircon, otherwise the
geothermometer will not record the actual melt temperature; (3) although plutonic rocks
form from mixtures of melt and crystals, i.e. rarely represent quenched melts, the very strong
temperature dependence of zircon solubility results in a robust geothermometer. Miller et al.
(2003) further note that: (1) compositions of felsic fractionates approximate segregated melt
and were invariably saturated in zircon, so that TZr » temperature of melt segregation and
therefore is a minimum estimate of the temperature of the initially emplaced magma: (2) rocks
lacking evidence for inherited or early-crystallising zircon reflect zircon undersaturated melt
compositions, and that TZr provides a minimum estimate for magma temperature at a time
before extensive crystallisation, probably upon emplacement; and (3) inheritance-rich intru-
sions were zircon saturated at their source and because part of their total Zr concentration is
in crystals rather than melt, TZr should place an upper limit on magma temperature.
Zircons separated for SHRIMP U-Pb zircon geochronology from the Pegler Granite sample
2193 showed no evidence of inheritance, nor does the Pegler Granite have the composition
of a minimum melt, and therefore the Pegler Granite is interpreted to have been zircon under-
saturated. Three samples of similar composition with SiO2 <70 wt% have TZr of 809 ± 10°C
(Table 9.6). This is interpreted as the minimum emplacement temperature of the Pegler
Granite.
Creaser (1996) calculated a zircon saturation temperature for the Mt Gunson Tuff of 850°C,
which is lower than an apatite saturation temperature of 940°C and a two-feldspar tempera-
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Granite Samp Zr SiO  TiO  Al O Fe O* MnO MgO CaO Na O K O P O
total
mol
M T°C
Kychering 2071 154 74.81 0.25 13.13 1.47 0.07 0.36 0.96 3.64 4.95 0.06 1.78 1.42 785
Kychering 2067 199 74.83 0.35 12.79 1.89 0.07 0.44 1.2 3.35 4.93 0.09 1.77 1.45 805
Kychering 2072 142 75.96 0.13 12.82 0.9 0.07 0.09 0.53 3.69 4.99 0.01 1.77 1.36 783
Kychering 2070 124 76.8 0.16 12.64 1.08 0.06 0.14 0.64 3.67 4.81 0.03 1.78 1.37 770
Kychering 2066 114 77.55 0.11 12.39 0.82 0.05 0.06 0.41 3.61 4.89 0.01 1.78 1.33 766
Kychering 2073 157 77.85 0.11 13.02 0.78 0.05 0.06 0.14 4.07 4.92 0.01 1.80 1.31 795
Kychering 2068 97 77.88 0.1 12.3 0.71 0.05 0.08 0.52 3.77 4.47 0.01 1.78 1.34 752
Kychering 2069 136 77.99 0.07 12.56 0.57 0.04 0.04 0.33 4.11 4.34 0.01 1.79 1.32 781
Pegler 2091 220 67.92 0.52 15.34 3.54 0.07 1.21 2.66 4.02 4.34 0.18 1.79 1.66 798
Pegler 2093 267 67.93 0.54 15.2 3.52 0.08 1.17 2.52 3.87 4.58 0.17 1.78 1.65 817
Pegler 2092B 235 69.61 0.44 14.92 2.94 0.05 0.86 2.17 3.68 4.71 0.13 1.78 1.55 813
Pegler 2092A 56 78.26 0.06 12.62 0.54 0.02 0.06 0.55 3.74 4.79 0.01 1.79 1.35 709
Table 9.6. Calculated zircon saturation temperatures (Watson & Harrison 1983, Miller et al. 2003) for the
Kychering and Pegler Granites.
ture of 910°C. Similarly, Creaser & White (1991) found that the calculated zircon saturation
temperature for the Yardea Dacite of 850°C was lower than the calculated apatite saturation
temperature of 950°C, a pigeonite-augite temperature range of >900-920°C, two-pyroxene
temperature range of 900-1000°C, and two-feldspar temperature of 1010°C, all from the
same sample. Creaser (1996) suggested that the lower zircon saturation temperatures were
due to the Wirrda Suite (including Mt Gunson Tuff) magmas being undersaturated in Zr, but
not apatite, and, as pointed out by Miller et al. (2003), zircons from melts undersaturated in Zr
will provide minimum initial source magma temperatures only. The lower zircon saturation
temperatures of the Pegler Granite compared to the Yardea Dacite are consistent with the
lower Zr content of the Granite (220–267 ppm Zr as opposed to 406 ppm in the Dacite). It is
not clear whether this means that the Pegler Granite, and by extension the Jenners Supersuite,
is more undersaturated in Zr than the Yardea Dacite (and the Roxby Supersuite), i.e. there are
differences in source composition; or whether the Pegler Granite was formed at lower tem-
peratures than the Yardea Dacite. Both explanations may apply: resolving the problem would
require using an alternative geothermometer to determine an independent temperature of
emplacement for the Pegler Granite.
9.2.3 Kychering Granite Petrogenesis
9.2.3.1 Geochemical Modelling
The petrography of the Kychering Granite is described in Appendix VIII.10, and the chemis-
try in Chapter 6. The Kychering Granite has a narrow composition range of <4 wt% SiO2, so
only one model was made with sample 2171 as the parent and 2169 as the daughter (Table
9.1). Plagioclase, amphibole and titanite are early crystallising phases in sample 2171. Addi-
tionally, two hypothetical steps were modelled as possible mafic end-member/parent compo-
sitions. The granodioritic sample 2101 was modelled as a parent to 2171, and the possibility
that the Kychering Granite is a more felsic derivative of less felsic granites, such as the Pegler
Granite, was tested by the model 2192B (70.27 wt% SiO2) to 2171 (75.12 wt% SiO2).
Major element modelling of the hypothetical step 2101 to 2171 involves ~55% fractionation
for an increase of 11.59 wt% SiO2 (Table 9.1). Crystallisation was dominated by ~59% plagio-
clase An40 and to a lesser degree by ~22% amphibole (mg# 0.36). Biotite (mg# 0.23) was also
important (~9%), with ~7.5% orthoclase, 1.1% titanite, and trace zircon. The square of the
sum of residuals is 0.0298, indicating a good mathematical solution, however, there is not
good evidence for orthoclase being an early crystallising phase in sample 2101. This is similar
to the situation observed by Defant & Nielsen (1990) that in badly constrained systems (e.g.
using assumed phase compositions) least squares modelling may yield answers that are
numerically correct but geologically wrong. Nevertheless, the modelling shows that sample
2101 is a plausible parent composition for both the Pegler and Kychering Granites, and a high
degree of fractionation is indicated for the Kychering Granite. Trace element modelling gen-
erally shows good agreement, except that Rb and Th are deficient in sample 2101. This is as
was found for the 2101 parent – 2191 Pegler Granite daughter model, and may indicate the
operation of open system processes, or magma chamber zonation possibly during convective
fractionation, or that the hypothesis that the two samples are related is unfounded.
The hypothetical model of intermediate Pegler Granite sample (2192B) to least felsic Kycher-
ing Granite sample (2171) indicates ~24% fractionation for a 4.96 wt% SiO2 increase (Table
9.1). Crystallisation was dominated by ~58% plagioclase An35, with ~18% biotite (mg# 0.23),
~13% orthoclase, ~10% amphibole (mg# 0.36) and <1% titanite. The square of the sum of
residuals is 0.0134, indicating a good solution, and the modelled early crystallising phases gen-
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erally concur with petrographic observations. Trace element fractional crystallisation model-
ling provides mostly good agreement with the major element modelling, with the exception
that the modelled parent 2192B is deficient in Rb and Th (but not U). Batch melting model-
ling can also produce a reasonable fit, but again Rb in particular is deficient in the parent. Note
that these deficiencies occur even when using extreme KD values (see Appendix V). The small
differences seen between measured and modelled values of the REE could easily be explained
by slight differences in the proportion of titanite crystallising, or may reflect the applicability
of different KD values for some elements.
This is an important result as it indicates that some of the chemical differences observed
between the Pegler and Kychering Granites may be the result of fractionation rather than dif-
ferent source or melting conditions, although the difference in modelled and measured Rb
may indicate limited open-system processes or convective fractionation.
Modelling of the internal differentiation of the Kychering Granite (samples 2167 – 2169) indi-
cates ~12% fractionation for a small increase of only 2.78 wt% SiO2. Crystallisation was
dominated by ~42% orthoclase, with ~26% biotite (mg#23), ~25% plagioclase An35 and
~6% titanite, with a squared sum of residuals of 0.1306. Trace element fractional crystallisa-
tion modelling provides a reasonably good fit, but with large deficiencies in the parent 2171 in
Rb, Pb and Th. Batch melting modelling using different KDs is also able to fit the daughter
melt composition quite well (not shown).
The trace element fractional crystallisation modelling of the pair 2171–2169 demonstrates
that crystallisation of relatively large amounts of titanite causes the characteristic MREE con-
cavity in the chondrite-normalised REE pattern (Figure 9.1). Titanite is found only in the least
felsic sample of the Kychering Granite. The depletion of MREE in the more felsic samples
indicates that they were derived by fractionation from more mafic granites where titanite crys-
tallised early, thereby depleting the melt in the MREE.
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Figure 9.1. Chondrite-normalised REE pattern for the very felsic Kychering Granite sample 2169 (77.99
wt% SiO) modelled from parent 2171 (74.81 wt% SiO). Thick black line is the measured content, and
the coloured lines represent the modelled concentrations of parent 2171, at the F factor shown on each
line. This modelling shows that early crystallisation of titanite generates the MREE-concave pattern
observed, rather than lanthanide tetrad effects. It therefore follows that this sample was derived from a
magma which had earlier crystallised a more mafic granite containing titanite (sample 2167 is the only
sample of the Kychering Granite with significant titanite) and was derived by crystal fractionation.
Vander Auwera et al. (2003) suggested the operation of a tetrad effect to explain the concave
REE pattern of the Bessefjellet pluton in Norway, but this is found not to be the case here.
The tetrad effect is described by Veksler et al. (2005) and Bau (1996) as causing a discontinu-
ous, segmented pattern in chondrite-normalised plots of lanthanide concentrations. Irber
(1999) quantified the tetrad effect by determining the mean deviation for the corner points of
the first and third tetrads, i.e. between Ce and Pr, and Tb and Dy. The geometric mean of both
values yields the overall value of the tetrad effect, notated as TE1,3 (Irber 1999). The Kycher-
ing Granite samples fall outside the field of TE1,3 >1.1 and Zr/Hf <26 indicating that they
comply with normal charge and radius controlled (CHARAC, Bau 1996) behaviour. Gromet
& Silver (1983) found that titanite and allanite together contained 80% to 95% of each REE,
and as they were early-crystallising phases, they largely contained and hence controlled the
REE in granodiorites of the Peninsular Ranges. Trace element modelling of the Kychering
Granite suggests that allanite did not start crystallising until late in the fractionation of the
magma, at significantly higher SiO2 levels than of the granodiorites of the Peninsular Ranges
batholith (Gromet & Silver 1983). Gromet & Silver (1983) suggested that the REE content of
the granodiorite melt of the Peninsular Ranges batholith originated at depth and was charac-
teristic of its source regions and derivation mechanism.
Late crystallisation of allanite is suggested as the cause of the relatively high LREE in the REE
patterns.
Major and trace element modelling of the Kychering Granite cannot be limited to either frac-
tional crystallisation or batch melting alone, and suggests either limited open-system behav-
iour, or the relative enrichment of parts of the magma chamber in some elements due to the
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Chem Anal Isotope Anal Nd Chem Anal Isotope Anal
Sampno SiO  Nd Sm Nd Sm 1590 Ma Rb Sr Rb Sr

Sr/

Sr 
2167 74.85 36.6 5.44 35.55 5.23 -1.6 235 152
1077-35 77.53 11 3.22 11.967 1.317 -1.8 299.7 55.6 305.266 55.891 0.683981
1077-37 77.27 11 2.89 15.290 2.558 -5.0 300.7 10.5 307.879 10.674 -0.614211
1077-39 77.95 6 2.41 12.928 1.012 2.7 315.9 30 31.255 29.948 1.586655
Table 9.7. Sm-Nd and Rb-Sr isotope data for the Kychering Granite. Sampno 2167 this study, others from
Stewart & Foden (2001). Sm-Nd data of Stewart & Foden (2001) are not considered reliable, and the Rb-
Sr data reflect craton-wide low-temperature fluid-effected disturbance: see text for explanation.
Figure 9.2. 	
 versus 1/Nd for analysed samples of the Kychering, Pegler, and Paxton Granites, and the Lady
Jane Diorite. 1077- samples from Stewart & Foden (2001). The analyses for the Kychering Granite by
Stewart & Foden (2001) are considered to be suspect.
process of convective fractionation. Likewise, the modelling of hypothetical parents 2101
(granodiorite) and 2192B (Pegler Granite) requires preferential enrichment of a few elements,
and does not differentiate between either fractional crystallisation or batch melting.
9.2.3.2 Nd, Sr & Pb Isotopes
Sample 2167 of the Kychering Granite was analysed for Nd (whole rock powder) and Pb (K-
feldspar) isotopes (Tables 9.3 & 9.4). Three other Nd isotope analyses were done by Stewart
& Foden (2001) and are shown in Table 9.7, along with Rb-Sr isotope analyses. The Nd values
of -1.64 , -1.94, -5.06 & 2.48 show a lot of scatter and are somewhat unusual. Sample 1077-39
has one of the most primitive Nd values for any Hiltaba/GRV unit. Figure 9.2 plots the four
Nd analyses against 1/Nd, along with some other data. The spread in Nd for the Kychering
Granite may suggest variable crust-mantle magma ratios within the one magma chamber,
however this is not reflected in the chemistry. It is important to note that there is no field-
observable evidence for magma mixing. Stewart & Foden (2001) note that a wide spread of
isotope ratios does not result in a similar spread of sample/primitive mantle normalised trace
element ratios for the database of Hiltaba Association granites, i.e. a granite with a strongly
negative Nd value will have a similar spidergram pattern to one with a less negative Nd value.
It seems probable that some of the Sm-Nd analyses are in error. There is poor agreement
between the whole-rock chemistry and isotope analyses results for Nd and Sm for the Stewart
& Foden (2001) data. The 147Sm/144Nd ratio is not given, and appears to have been calculated
from the Nd and Sm values rather than measured. For these reasons, the data of Stewart &
Foden (2001) for the Kychering Granite is rejected.
Calculated initial 87Sr/86Sr ratios of Stewart & Foden (2001) (Table 9.7) are too primitive or
too evolved to be real. Creaser & Fanning (1993) noted that Rb/Sr isotopic analyses of the
Charleston Granite, part of the HAG, give biotite ages only slightly younger than SHRIMP U-
Pb zircon ages. However the apparent initial Sr (87Sr/86Sr at 1585 Ma) are improbably to
impossibly low, and are negatively correlated with total-rock Rb/Sr (Creaser & Fanning
1993). The impossibly low apparent Sri must result from an increase in total-rock 87Rb/86Sr or
a decrease in total-rock 87Sr/86Sr (or both) during low temperature (<250°C) fluid-effected
loss of Sr from alkali feldspar (Creaser & Fanning 1993). The timing and exact nature of this
craton-wide event is unknown (Creaser & Fanning 1993, Stewart & Foden 2001). Neymark et
al. (1994) note that the time gap between the crystallisation of the main intrusive phases of the
Salmi Batholith (Fennoscandian shield) at 1543 Ma, and the completion of postmagmatic
processes accompanied by closing of the Rb-Sr isotope system, was about 100 Ma. Other iso-
topic systems, including Pb (at Tarcoola Goldfield, see Chapter 17) and 40Ar/39Ar (e.g. Fraser
et al. 2002), also record disturbances younger than the GRHVP event, that may also be the
result of a prolonged cooling period following the GRHVP, or a late hydrothermal event as
suggested by Creaser & Fanning (1993).
The U-Pb-Th isotope ratios for this sample are close to ‘normal’ and plot near a Stacey &
Kramers (1975) evolution curve (not shown). They also plot near the ‘orogene’ curve of Zart-
man & Doe (1981), suggesting that the Kychering Granite is not derived solely from either
crustal or mantle partial melting. The model  value for this sample is 10.83 (Table 17.4). This
is higher than the Pegler Granite, but lower than the Paxton Granite, and is strongly sugges-
tive of differences in source components for each of the granites. Much more Nd and Pb iso-
tope data and SHRIMP zircon dating is needed to determine the extent of such source vari-
ances within each of the major granites suites throughout the Gawler Craton.
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9.2.3.3 Zircon saturation temperature
The calculated zircon saturation temperatures for all of the Kychering Granite samples are
given in Table 9.6. As for the Pegler Granite, the Kychering Granite is interpreted as being
zircon-undersaturated on the basis that no inherited zircon is observed in sample 2167, which
was dated by the SHRIMP U-Pb method. Because the granite is zircon-undersaturated, the
sample with the highest zircon content, presumed to be that with the highest Zr content, is
most likely to provide the best temperature estimate. Therefore, the maximum calculated
temperature of 805°C for sample 2167 is interpreted as the minimum melt temperature for
the Kychering Granite.
9.2.4 Mafic GRV/HAG samples in the Tarcoola region
Granites with enriched HFSE contents, for example A-type granites, are generally thought to
be either derived by extensive fractionation of basaltic parents or partial melting of granulitic
precursors (Loiselle & Wones 1979). To test the possibility that some parts of the HAG were
derived by differentiation from basalts, major and trace element modelling was carried out to
test the relationship between samples 2008A (Lady Jane Diorite) and 2118 (an ungrouped
andesite), and between 2118 and 2101 (a granodiorite possibly part of the HAG). Sample
2101 had previously been modelled as a possible parent to the Pegler and Kychering Granites.
It is noted that although the Lady Jane Diorite has been dated and is considered to be part of
the GRHVP, the age and origin of the andesitic 2118 is not known, meaning that it may not be
an appropriate parent.
The early crystallising phases in the diorite 2008A are hornblende+magnetite. In other sam-
ples of the Lady Jane Diorite, pyroxene crystallises rather than hornblende, possibly due to
local variances in H2O content. Major element modelling of the parent-daughter pair
2008A–2118 shows 28.8% fractionation, dominated by ~89% hornblende, with ~5.5% each
of augite and magnetite (Table 9.1). The squared sum of residuals is high at 0.2850. Trace ele-
ment modelling (fractional crystallisation and batch melting) shows major deficiencies in Rb,
Sr, Ba, Th, U, Zr and the LREE in the parent. This is suggestive that the andesitic sample 2118
may have been derived from the basalt but with the addition of crustal material.
Sample 2118 is a plagioclase - K-feldspar ?pyroxene/amphibole phenocrystic andesite, with
quartz occelli and a very fine grained groundmass. The mineralogy is quite altered, but this
probably occurred during cooling post-eruption, rather than hydrothermally or during weath-
ering, as the chemistry does not show significant alteration, nor are typical alteration minerals
such as chlorite, epidote or calcite seen. Major element modelling for the step 2118–2101 sug-
gests 24.4% fractionation consisting of ~48% amphibole, ~34% orthoclase, ~14% plagio-
clase An55 and ~3.6% ilmenite (Table 9.1). The sum of squared residuals is moderately high at
0.1245. Trace element fractional crystallisation modelling shows large errors including an
excess in the parent of Rb, Pb, Th, U and Sc, and insufficient Ba and the HREE. As for the
step 2008A–2118, crustal contamination may be indicated.
9.2.5 Discussion of geochemical modelling
As an additional step in attempting to identify the differentiation mechanism for the Kycher-
ing and Pegler Granites, trends were calculated for both fractional crystallisation and batch
melting using the equations and method of Hanson (1989), using a range of bulk distribution
coefficients approximated from fractional crystallisation modelling of samples 2101, 2118
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and 2008A. These trends were plotted alongside the data for the Kychering and Pegler Gran-
ites, the Lady Jane Diorite, and the granodiorite sample 2101 and andesitic sample 2118 (Fig-
ures 9.3-5). Trends were calculated for incompatible-compatible pairs of trace elements, and
generally show good divergence for the two modes of differentiation. Figure 9.3 models Rb
against Sr: for these elements any three rocks could be a suitable parent, although only by frac-
tional crystallisation. Figure 9.4 models U against Y: this pair suggests that of the three mod-
els, 2101 is the only potential parent to the Kychering and Pegler Granites, and that fractional
crystallisation is the more likely differentiation mechanism. Figure 9.5 models La against Ni:
this shows that the andesite (2118) and diorite (2008A) are virtually impossible parents for the
Kychering and Pegler Granites, but also that another component may be needed in addition
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Figure 9.3. Modelling trends for batch melting and fractional crystallisation of parent compositions gra-
nodiorite (2101 - top), andesite (2118 - middle) and basalt (2008A - bottom). Left hand side graphs show
modelling with Sr D=2, right hand side Sr D=3. Batch melting curves are show as dotted lines, with
points showing the proportion of melting. Fractional crystallisation curves are shown as dashed lines, also
with the proportion of fractionation shown as points along the curve. Five different bulk distribution coef-
ficients for Rb are shown on each plot, with the values given for each curve. The Rb-Sr couple does not
differentiation between any of the possible parents for either the Kychering or Pegler Granites, but does
suggest that fractional crystallisation rather than batch melting is the more likely differentiation mechanism.
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Figure 9.4. Batch melting and fractional crystallisation modelling of the compatible-incompatible pair Y-
U. This modelling demonstrates that basalt (2008A) and andesite (2118) are not suitable parent composi-
tions for the Kychering and Pegler granites, but that granodiorite (2101) may be.
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Figure 9.5. Batch melting (dotted lines) and fractional crystallisation (dashed lines) modelling for the pair
Ni-La. Points along each line indicate amount of melting or fractionation, and the bulk distribution coeffi-
cient for La varies from 0.8 to 2.4 (see top graph). This modelling demonstrates that basalt (2008A) and
andesite (2118) are not suitable parent compositions for the Kychering and Pegler Granites. The distribu-
tion coefficients of both La and Ni must change for granodiorite (2101) to be a suitable parent.
to the granodiorite 2101. Although the Kychering and Pegler Granites do fall within the range
of models for sample 2101, a wide range of bulk distribution coefficients is needed for this.
Partition coefficients do change with changes in melt chemistry (e.g. Mahood & Hildreth
1983), and this may provide an explanation for the trends seen here.
Most of the modelled fractional crystallisation trends require a minimum of 20% fractiona-
tion from the granodiorite sample 2101 for the least felsic components of the Pegler Granite,
up to 80% fractionation for the most felsic samples of the Kychering Granite.
Mixing between either basaltic compositions, represented by sample 2008A, or andesitic
compositions (2118) and granodiorite sample 2101 is unlikely for the formation of the
Kychering and Pegler Granites, as such a mixed composition would be La-deficient (Figure
9.5). Note that this does not rule out an earlier involvement of basalt in the formation of a
suitable, granodioritic parent (e.g. Stewart 1994, Creaser 1996).
From the above modelling, it is concluded that the Kychering and Pegler Granites were gen-
erated by fractional crystallisation from a granodiorite-composition primary melt. This result
is similar to the modelling by Giles (1988) and Creaser (1996). The modelling indicates that
either convection fractionation, or limited open system processes, may have occurred in the
evolution of these two granites. Extended differentiation from andesitic or basaltic composi-
tions is unlikely, as found by Creaser (1996). The modelling completed here does not provide
any constraints on the formation of sample 2101 itself. The source, or sources, of the
GRHVP magmas are discussed further in the summary section of this chapter below.
9.3 COMPARING THE HILTABA ASSOCIATION GRANITES TO THOSE
OF OTHER AREAS
In the following section, the representative units of the four Supersuites of the GRHVP are
compared against granites of different types, geological settings and ages from various parts
of the world. The units selected from the GRHVP include the Wirrda Suite (Creaser 1995,
1996) including the Olympic Dam Granite and assigned to the Roxby Supersuite; the Kycher-
ing Granite assigned to the Malbooma Supersuite; the Pegler Granite assigned to the Jenners
Supersuite; the Tyringa Granite of the Venus Supersuite; and several units of mafic rocks
(Lady Jane Diorite, Nuckulla and Konkaby Basalts). In the comparison against A-type gran-
ites, samples of the Yardea Dacite (assigned to the Roxby Supersuite) and the Eucarro Rhyo-
lite (Venus Supersuite) are also included, so that the comparison between intrusive and extru-
sive parts of the GRHVP can be made, as well as the comparison against A-types.
9.3.1 A-type granites
Several authors have previously compared the magmas of the GRHVP to other Palaeo-
Mesoproterozoic magmatic systems classed as A-type. Giles (1988) considered the GRV to
be analogous to Proterozoic rapakivi granite suites of the Northern Hemisphere. Creaser
(1993, 1996) described the Burgoyne Batholith (including the Wirrda Suite), host to the
Olympic Dam deposit, as a rapakivi granite, similar to A-type granites in North America, Fin-
land and Greenland. Flint (1993a) described the GRV as anorogenic, erupted in a mid-
continental setting. Both Flint (1993a) and Creaser (1996) suggested that the Gawler Craton
may have been part of the Palaeo-Mesoproterozoic Baltica-Laurentia supercontinent as pro-
posed by Hoffman (1989), and that magmatism may have been the result of mantle upwelling
A.R. Budd 147
Part II: Granites Chapter 9: Petrogenesis of the GRHVP
148 A.R. Budd
Chapter 9: Petrogenesis of the GRHVP Part II: Granites
A
u
th
o
r
C
o
u
n
tr
y
P
ro
v
in
c
e
T
y
p
e
G
ro
u
p
U
n
it
s
O
ri
g
in
Co
llin
s
e
t
a
l.
19
82
Au
s
LF
B
M
et
al
um
in
ou
s
A
ty
pe
G
ab
o
W
at
er
gu
m
s,
N
ag
hi
,
N
ag
ha
,H
ow
e
R
an
ge
,
G
ab
o
Is
la
nd
Pa
rti
al
m
e
lti
ng
o
ff
el
sic
gr
an
ul
ite
.H
ig
h-
T,
va
po
ur
a
bs
en
tm
e
lti
ng
.
M
um
bu
lla
M
um
bu
lla
,D
rG
eo
rg
e
M
t
Ki
ng
e
t
a
l.
19
97
Au
s
LF
B
M
et
al
um
in
ou
s
A
ty
pe
W
ya
ng
la
Ye
w
ra
ng
ar
a
H
ig
h
te
m
pe
ra
tu
re
sm
a
ll
fra
ct
io
n
pa
rti
al
m
e
lti
ng
o
fa
fe
lsi
c
in
fra
cr
us
ta
ls
o
u
rc
e
.
Be
ga
W
an
gr
ah
,M
on
ga
,
M
um
bu
lla
G
ab
o
G
ab
o
Is
la
nd
Bo
na
ng
El
le
ry
,M
ur
ru
ng
ow
ar
La
nd
en
be
rg
er
&
Co
llin
s
19
96
Au
s
N
EF
B
A
Ch
ae
lu
nd
i
Ch
ae
lu
nd
i
H
2O
-u
nd
er
sa
tu
ra
te
d
pa
rti
al
m
e
lti
ng
o
fc
ha
rn
oc
ki
tis
ed
lo
w
er
cr
u
st
du
rin
g
su
bd
uc
tio
n
e
ve
n
t.
A-
ty
pe
pa
re
nt
m
a
gm
as
lo
w
er
a
H
2O
m
e
lti
ng
co
n
di
tio
ns
.
I
Ch
ae
lu
nd
i
Ch
ae
lu
nd
i
Eb
y
19
90
US
A
Ca
na
da
A
W
hi
te
M
ou
nt
ai
n
M
tM
eg
an
itic
,
M
er
ry
m
ee
tin
g
La
ke
,
M
ou
nt
O
sc
eo
la
,
O
ss
ip
ee
,M
oa
t
vo
lc
an
ic
s,
O
ss
ip
ee
vo
lc
an
ic
s
G
en
er
al
-
n
o
n
-o
ro
ge
ni
c
se
tti
ng
s
w
ith
in
pl
at
e
a
n
d
a
lo
ng
pl
at
e
m
a
rg
in
s
du
rin
g
w
a
n
in
g
st
ag
es
o
fs
u
bd
uc
tio
n-
zo
ne
re
la
te
d
m
a
gm
at
ism
.
W
ha
le
n
e
t
a
l.
19
96
Ca
n
N
ew
fo
un
dl
an
d
A
To
ps
ai
ls
To
ps
ai
ls
R
em
el
tin
g
o
fh
yb
rid
ise
d
lit
ho
sp
he
ric
m
a
n
tle
ge
ne
ra
te
d
du
rin
g
a
rc
-c
o
n
tin
en
tc
o
llis
io
n.
W
ha
le
n
&
Cu
rri
e
19
90
Ca
n
N
ew
fo
un
dl
an
d
A
To
ps
ai
ls
To
ps
ai
ls
W
ha
le
n
e
t
a
l.
19
87
Ca
n
N
ew
fo
un
dl
an
d
A
To
ps
ai
ls
To
ps
ai
ls
N
ig
er
ia
?
A
Sh
ira
Sh
ira
Fr
an
ce
Co
rs
ica
A
Ev
is
a
Ev
is
a
Fr
os
te
t
a
l.
19
99
US
A
W
yo
m
in
g
R
ed
uc
ed
ra
pa
kiv
i
Sh
er
m
an
Ba
th
ol
ith
Sh
er
m
an
,L
in
co
ln
,
M
af
ic,
po
rp
hy
rit
ic
Pa
rti
al
m
e
lti
ng
o
fu
n
de
rp
la
te
d
m
a
n
tle
-d
er
ive
d
ro
ck
s,
e
xt
re
m
e
di
ffe
re
nt
ia
tio
n
a
lo
ng
th
ol
ei
ite
tre
nd
,a
ss
o
ci
at
ed
a
n
o
rth
os
ite
s.
An
de
rs
on
e
t
a
l.
20
03
US
A
La
ra
m
ie
A
La
ra
m
ie
R
ed
M
ou
nt
ai
n
Pa
rti
al
m
e
lti
ng
o
fu
n
de
rp
la
te
d
m
a
n
tle
-d
er
ive
d
ro
ck
s,
e
xt
re
m
e
di
ffe
re
nt
ia
tio
n
a
lo
ng
th
ol
ei
ite
tre
nd
,m
o
re
cr
u
st
al
a
ss
im
ila
tio
n
th
an
Sh
er
m
an
Ba
th
ol
ith
.
D
al
l’
Ag
no
le
t
a
l.
20
05
Br
a
Ca
ra
jás
M
ag
ne
tit
e
A-
ty
pe
Ja
m
on
R
ed
en
çã
o
Al
ld
er
ive
d
by
re
-m
e
lti
ng
o
fA
rc
ha
ea
n
cr
u
st
a
bo
ve
a
m
a
n
tle
su
pe
rs
we
ll.
D
iff
er
en
ce
s
du
e
to
so
u
rc
e
o
r
pa
rti
al
m
e
lti
ng
va
ria
tio
ns
.
R
ed
uc
ed
ra
pa
kiv
i
Se
rra
do
s
Ca
ra
jás
Se
rra
do
s
Ca
ra
jás
,
Ci
ga
no
Ve
lh
o
G
ui
lh
er
m
e
Ve
lh
o
G
ui
lh
er
m
e,
An
to
ni
Vi
ce
nt
e,
M
oc
am
bo
Pl
á
Ci
d
e
t
a
l.
20
00
Br
a
Sã
o
Fr
an
ci
sc
o
Al
ka
lin
e
A
Ca
m
po
Al
eg
re
de
Lo
ur
de
s
Se
rra
do
M
ei
o
Tw
o
pa
re
nt
al
a
lk
al
i-b
as
al
tic
m
a
gm
as
e
xt
ra
ct
ed
su
cc
e
ss
iv
el
y
fro
m
sa
m
e
e
n
ric
he
d
m
a
n
tle
so
u
rc
e
,
e
vo
lv
ed
vi
a
cr
ys
ta
lf
ra
ct
io
na
tio
n.
D
al
l’
Ag
no
le
t
a
l.
19
94
Br
a
Ce
nt
ra
l
Am
az
on
ia
n
A
/R
ap
ak
ivi
Am
az
on
ia
n
Ja
m
on
,A
nt
on
iV
ic
ie
nt
,
M
ad
ei
ra
,A
gu
a
Bo
a
Cr
us
ta
la
n
a
te
xi
s
o
fA
rc
ha
ea
n
m
a
fic
-in
te
rm
ed
ia
te
ro
ck
s
in
du
ce
d
by
u
n
de
rp
la
tin
g
o
r
in
tru
si
on
o
fm
a
n
tle
-d
er
ive
d
ba
sic
m
a
gm
as
.
Da
ll’A
gn
ol
e
t
a
l.
19
99
ab
c
Br
a
Am
az
on
ia
n
A
Am
az
on
ia
n
Ja
m
on
T
ab
le
9
.8
.
S
u
m
m
ar
y
o
f
g
ra
n
it
e
an
d
v
o
lc
an
ic
s
su
it
es
u
se
d
fo
r
co
m
p
ar
is
o
n
ag
ai
n
st
th
e
G
R
H
V
P
.
A.R. Budd 149
Part II: Granites Chapter 9: Petrogenesis of the GRHVP
A
u
th
o
r
C
o
u
n
tr
y
P
ro
v
in
c
e
T
y
p
e
G
ro
u
p
U
n
it
s
O
ri
g
in
Tu
rn
er
e
t
a
l.
19
92
Au
s
Pa
dt
ha
wa
y
A
Pa
dt
ha
wa
y
Co
on
al
py
n,
M
ar
co
lla
t,
G
ip
G
ip
,B
as
in
s,
Ch
ris
tm
as
,W
illa
lo
ok
a,
Se
ism
og
ra
ph
,K
on
ga
l,
To
lm
er
’s
,W
et
&
Co
ld
~
90
%
fra
ct
io
na
tio
n
o
fc
o
n
te
m
po
ra
ry
,m
a
n
tle
-d
er
ive
d
ba
sa
ltic
pa
re
nt
al
m
a
gm
a.
As
so
ci
at
ed
ga
bb
ro
ic
pl
ut
on
s.
N
ey
m
ar
k
e
t
a
l.
19
94
R
us
Fe
nn
os
ca
nd
ia
R
ap
ak
ivi
Sa
lm
i
Sa
lm
i1
.5
4-
1.
56
G
a
M
an
tle
-d
er
ive
d
m
a
gm
at
ism
re
sp
on
sib
le
fo
rf
or
m
at
io
n
o
fa
ss
o
ci
at
ed
ga
bb
ro
-
a
n
o
rth
os
ite
s
a
n
d
pa
rti
al
m
e
lti
ng
o
fl
ow
er
cr
u
st
to
fo
rm
pa
re
nt
al
m
a
gm
a
fo
rg
ra
ni
te
s.
Sa
lo
ns
aa
ri
&
H
aa
pa
la
19
94
Fi
n
Fe
nn
os
ca
nd
ia
R
ap
ak
ivi
Ja
al
a-
Iit
ti
Ja
al
a-
Iit
ti
1.
63
G
a
R
em
el
tin
g
o
fS
ve
co
fe
nn
ia
n
1.
9
G
a
cr
u
st
in
iti
at
ed
by
m
a
n
tle
-d
er
ive
d
ba
sic
m
a
gm
as
.
Ek
lu
nd
e
t
a
l.
19
94
Fi
n
Fe
nn
os
ca
nd
ia
N
AM
Åla
nd
Åla
nd
15
77
-1
57
1
M
a
M
ix
in
g
o
fp
al
in
ge
ni
c
m
e
lts
w
ith
n
o
rit
e-
an
or
th
os
ite
-m
on
zo
di
or
ite
se
rie
s.
H
aa
pa
la
e
t
a
l.
19
87
Fi
n
G
ra
nu
lite
Be
lt
I
N
at
ta
ne
n
Te
pa
st
o,
R
ie
st
ov
aa
ra
R
em
el
tin
g
o
fA
rc
ha
ea
n
cr
u
st
.
Ch
at
to
pa
dh
ya
y
e
t
a
l.
19
94
In
di
a
Ar
av
al
li
R
ap
ak
ivi
D
eg
an
a
D
eg
an
a
G
en
er
al
:m
a
n
tle
pl
um
e
o
rig
in
.
Ko
su
ne
n
19
99
,2
00
4
Fi
n
Fe
nn
os
ca
nd
ia
R
ap
ak
ivi
Bo
do
m
Bo
do
m
1.
65
-
1.
64
G
a
Pa
rti
al
m
e
lti
ng
o
fg
ra
no
di
or
itic
so
u
rc
e
w
ith
co
n
tri
bu
tio
n
fro
m
di
ab
as
e.
O
bb
nä
s
O
bb
nä
s
1.
64
G
a
Pa
rti
al
m
e
lti
ng
o
fF
e-
di
or
itic
so
u
rc
e
w
ith
co
n
tri
bu
tio
n
fro
m
di
ab
as
e.
Va
nd
er
Au
w
er
a
e
t
a
l.
20
03
N
or
w
ay
Ba
lti
c
sh
ie
ld
Fe
rro
-p
ot
as
sic
ho
rn
bl
en
de
-
bi
ot
ite
A-
ty
pe
1
G
a
Ba
lti
c
Be
ss
ef
jel
let
,R
us
tfje
lle
t,
Ve
rk
us
kje
rrin
gi,
Va
lle
,
H
ol
um
,S
vö
fje
ll,
H
en
dl
an
d,
Ås
era
l
Ex
tre
m
e
fra
ct
io
na
lc
ry
st
al
lis
at
io
n
o
fs
e
ve
ra
lb
as
al
tic
m
a
gm
a
ba
tc
he
s,
th
em
se
lv
es
de
riv
ed
vi
a
pa
rti
al
m
e
lti
ng
o
fh
yd
ro
us
m
a
fic
,p
ot
as
sic
so
u
rc
e
e
ith
er
in
lit
ho
sp
he
ric
u
pp
er
m
a
n
tle
o
r
in
m
a
fic
lo
w
er
cr
u
st
de
riv
ed
fro
m
it.
So
m
e
a
ss
im
ila
tio
n
o
fa
R
b-
de
pl
et
ed
lo
w
er
cr
u
st
in
di
ca
te
d
in
gr
an
ite
s
(A
FC
pr
oc
es
s).
W
yb
or
n
e
t
a
l.
19
87
,
20
01
Au
s
LF
B
I
Bo
gg
y
Pl
ai
n
Bo
gg
y
Pl
ai
n
Co
nv
ec
tiv
e
fra
ct
io
na
tio
n
fro
m
u
n
de
rp
la
te
d
in
co
m
pa
tib
le
-e
le
m
en
t-r
ich
ga
bb
ro
ic
la
ye
r.
P4
25
(B
lev
in
&
M
or
ris
on
19
97
)
Au
s
LF
B
Sh
os
ho
ni
te
s
G
oo
nu
m
bl
a,
Ca
di
a
En
de
av
ou
r,
Ca
di
a
D
er
iv
ed
fro
m
lit
ho
sp
he
ric
m
a
n
tle
m
o
di
fie
d
by
a
pr
ev
io
us
su
bd
uc
tio
n
e
ve
n
t.
P4
82
(C
as
sid
ye
t
a
l.
20
02
,C
ha
m
pi
on
&
Sh
er
at
on
19
97
,
Ca
ss
id
y
&
Ch
am
pi
on
20
04
,S
m
ith
ie
s
&
Ch
am
pi
on
19
99
)
Au
s
Yi
lg
ar
n
I
H
ig
h
Ca
Be
as
le
y,
Un
io
n
Ja
ck
D
er
iv
at
io
n
fro
m
a
br
oa
dl
y
ba
sa
ltic
pr
ec
ur
so
rb
ut
w
ith
a
dd
itio
na
lc
ru
st
al
co
m
po
ne
nt
,a
t
hi
gh
pr
es
su
re
w
ith
in
th
ic
ke
ne
d
m
a
fic
cr
u
st
o
r
m
e
lti
ng
o
fs
u
bd
uc
tin
g
o
ce
a
n
ic
cr
u
st
.
I
Lo
w
Ca
M
er
ed
ith
,G
ra
nt
D
uf
f
R
ew
or
ki
ng
o
fo
ld
er
fe
lsi
c
cr
u
st
,p
ar
tia
lm
e
lti
ng
o
fc
ru
st
o
fb
ro
ad
ly
to
na
lit
ic
co
m
po
sit
io
n.
I
M
af
ic
Ka
no
w
na
Be
lle
,
G
ra
nn
y
Sm
ith
Pa
rti
al
m
e
lti
ng
o
fa
ba
sa
ltic
so
u
rc
e
in
co
m
bi
na
tio
n
w
ith
va
ry
in
g
a
m
o
u
n
ts
o
fL
IL
E-
e
n
ric
he
d
co
m
po
ne
nt
(fe
lsi
cc
ru
st
?)
I
H
ig
h-
HF
SE
Sa
tis
fa
ct
io
n,
Ko
oy
ni
e
H
ig
h-
T
m
e
lti
ng
o
fi
nt
er
m
ed
ia
te
cr
u
st
al
so
u
rc
e
,
po
ss
ib
ly
a
ss
o
ci
at
ed
w
ith
rif
tin
g.
A
Sy
en
ite
G
ilg
ar
na
M
el
tin
g
o
fa
m
e
ta
so
m
at
is
ed
cr
u
st
al
so
u
rc
e
du
rin
g
lo
w
er
cr
u
st
de
la
m
in
at
io
n.
Pe
rri
ng
e
t
a
l.
19
91
Au
s
EG
P
I/
la
m
pr
op
hy
re
la
m
pr
op
hy
re
La
m
pr
op
hy
re
Va
rio
us
:m
a
n
tle
o
r
cr
u
st
al
so
u
rc
e
s
co
u
pl
ed
w
ith
fra
ct
io
na
tio
n,
hy
br
id
isa
tio
n
o
r
pa
rti
al
m
e
lti
ng
.
M
ac
do
na
ld
e
t
a
l.
(19
90
)
Ic
el
an
d
Ic
el
an
di
c
rif
t
sy
st
em
CF
B
rh
yo
lite
To
rfa
jök
ull
To
rfa
jök
ull
Lo
w
pr
es
su
re
di
ffe
re
nt
ia
tio
n
o
fT
or
fa
jök
ull
tra
ns
iti
on
al
ba
sa
lt.
Pe
at
e
(19
97
)
So
ut
h
Am
er
ic
a,
N
am
ib
ia
Pa
ra
ná
-
Et
en
de
ka
CF
B
rh
yo
lite
Pa
ra
ná
Pa
lm
as
&
Ch
ap
ec
ó
rh
yo
lite
s,
a
n
d
ba
sa
lts
H
ig
h-
Ti
Ch
ap
ec
ó
rh
yo
lite
s:
pa
rti
al
m
e
lti
ng
o
fP
ita
ng
a
ba
sa
lt.
Lo
w
-T
iP
al
m
as
rh
yo
lite
s:
e
vo
lv
ed
fro
m
a
pa
re
nt
al
ba
sa
lt
co
m
po
sit
io
n
by
fra
ct
io
na
l
cr
ys
ta
llis
at
io
n
a
n
d
cr
u
st
al
a
ss
im
ila
tio
n
in
a
st
ab
le
,s
ha
llo
w
-le
ve
lm
a
gm
a
ch
am
be
r.
Pi
cc
iri
llo
e
t
a
l.
(19
88
)
Co
x
(19
88
)
Af
ric
a
Ka
ro
o
CF
B
rh
yo
lite
Ka
ro
o
Ba
sa
lts
to
rh
yo
lite
s
U-
ty
pe
de
riv
ed
fro
m
ba
sa
lt,
C-
ty
pe
fro
m
cr
u
st
.
Bu
dd
e
ta
l.
(20
01
b)
Au
s
M
tI
sa
I
W
illi
am
s
W
illi
am
s
M
el
tin
g
o
fP
al
ae
op
ro
te
ro
zo
ic
cu
st
du
rin
g
in
tru
si
on
o
fm
a
fic
m
e
lts
in
to
cr
u
st
(M
ark
20
01
)
T
ab
le
9
.8
(c
o
n
ti
n
u
ed
).
S
u
m
m
ar
y
o
f
g
ra
n
it
e
an
d
v
o
lc
an
ic
s
su
it
es
u
se
d
fo
r
co
m
p
ar
is
o
n
ag
ai
n
st
th
e
G
R
H
V
P
.
causing melting of a laterally very extensive, thick continental crust which acted as a thermal
insulator. Table 9.8 lists granite suites used for comparative purposes, including the A-type
granites of North America, Finland, and Brazil. Note that Rämö & Haapala (1995) defined
rapakivi granites as a subset of A-type granites.
The term “A-type” was first used by Loiselle & Wones (1979). They defined A-types as:
mildly alkaline with low CaO and Al2O3 contents, high Fe/Fe+Mg, high K2O/Na2O, and
high K2O. They are enriched in incompatible trace elements (REE (except Eu), Zr, Nb, Ta),
and low in trace elements compatible in mafic silicates (Co, Sc, Cr, Ni) and feldspars (Ba, Sr,
Eu) (Loiselle & Wones 1979). Petrography indicates low H2O fugacity, relatively high
HF/H2O, and low to moderate oxygen fugacity (Loiselle & Wones 1979).
Since the definition of A-type characteristics by Loiselle & Wones (1979), many other granites
have been classified as A-type, leading to a softening of some of the original criteria. They
were originally defined as alkaline (Loiselle & Wones 1979), but many subalkalic granites are
now classified as A-type (e.g. Anderson 1983, Frost et al. 1999, Frost et al. 2001, Figure 9.6B).
Collins et al. (1982) and Eby (1990) include peralkaline granites in the A-type classification, but
King et al. (1997) specifically exclude peralkaline granites of the Lachlan Fold Belt. A-type
granites were originally considered to be reduced (see also Frost & Frost 1997, Frost et al.
1999) but relatively oxidised A-types are also recognised (e.g. Dall’Agnol et al. 1999b, Bogaerts
2003), and in some areas both reduced and oxidised A-types are recognised (Anderson 1983,
Anderson & Morrison 1992) (Figure 9.6G). A-type granites were originally thought to be
nearly anhydrous (Loiselle & Wones 1979, Collins et al. 1982) but experimental and other data
show that they may contain several wt% H2O (Clemens et al. 1986, Dall’Agnol et al. 1999c,
Bogaerts et al. 2003, King et al. 2001). A-types were originally defined as forming along rift
zones or within stable continental blocks when alkali basalt either interacted with a granulite
facies lower crust, or fractionated with no crustal interaction (Loiselle & Wones 1979). Collins
et al. (1982) proposed that A-type granites in southeastern Australia formed by partial melting
of felsic granulite residual remaining in the lower crust after production of a previous granite.
This residual-source model was discredited by Creaser et al. (1991). Rather, some A-type gran-
ites are thought to be derived by melting of I-type granites of tonalite to granodiorite compo-
sitions with no basalt involvement (e.g. Creaser et al. 1991, Patiño Douce 1997). Vander
Auwera et al. (2003) suggested that A-type granitoids were generally emplaced in non-
compressive environments at the end of an orogenic cycle (post-orogenic or post-collisional),
in continental rift zones or in oceanic basins.
These variations in tectonic setting, alkali content, oxidation, and water content, from the
original definition, mean that the A–prefix for these granites, standing for anorogenic, alka-
line and anhydrous, is outdated. The term “ferro-potassic A-type granites” has gained some
acceptance as a more descriptive label for these granites (e.g. Bogaerts et al. 2003, Skridlaite et
al. 2003, Vander Auwera et al. 2003). These granites are characterised by high Fe/Mg, K,
incompatible elements (especially Zr, Nb, Ce, Y), F, Ga, relatively high alkalis, and low Ca and
Al, leading to high Ga/Al.
The comparison carried out here shows that some parts of the GRHVP are chemically similar
to A-type granites (Roxby & Venus Supersuites), whereas others are better classified as varia-
bly fractionated I-types (Jenners & Malbooma Supersuites, see also Chapter 7). The Wirrda
Suite is the only unit of the GRHVP shown on Figure 9.6A (FeOtot/FeOtot+MgO) that is fer-
roan at <65 wt% SiO2. However, when plotted on the FeO/FeO+MgO axis, as preferred by
Frost et al. (2001) (not shown), the same samples are magnesian: the difference is thought to
be due to subsolidus changes to the Fe3+/Fe2+ ratio. The same is true for the Baltic A-type
granites. Generally, the minor less felsic parts (i.e. <65 wt% SiO2) of the GRHVP are magne-
sian (on a plot of Fe*, Figure 9.6A), but at more felsic compositions, the GRHVP comprises
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Figure 9.6. Comparison of GRHVP rocks against worldwide A-type granites. Fields of Frost et al. (2001).
Data sources given in Table 9.8
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Figure 9.6. Comparison of GRHVP rocks against worldwide A-type granites. C: NaO vs SiO. D: KO
vs SiO. Data sources given in Table 9.8.
C
D
A.R. Budd 153
Part II: Granites Chapter 9: Petrogenesis of the GRHVP
Figure 9.6. Comparison of GRHVP rocks against worldwide A-type granites. E: Agpaitic Index vs SiO.
F: NaO+KO vs SiO. Data sources give in Table 9.8
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Figure 9.6. Comparison of GRHVP rocks against worldwide A-type granites. G: Whole-rock Fe/Fe
ratio, fields of Blevin (2004). H: Zr vs SiO. Data sources given in Table 9.8.
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Figure 9.6. Comparison of GRHVP rocks against worldwide A-type granites. I: F vs SiO. J: A-type dis-
criminant plot of Eby (1990) FG = fractionated I- & S-type granites; OGT = other granite types. Data
I
J
both ferroan and magnesian compositions. The granites of North America and Fennoscandia
are ferroan (Figure 9.6A), but some of the A-type granites from Australia and Baltica are mag-
nesian. Frost & Frost (1997) recognise a subset of A-type granites, the reduced rapakivi-type,
that have extreme iron enrichments, and are regarded as being derived from tholeiites. The
Sherman Batholith (Frost et al. 2002) and Red Mountain pluton (Anderson et al. 2003) are
examples of this type, and Figures 9.6A show that the GRHVP is not like this subtype.
The majority of the samples of the GRHVP are alkali-calcic on the plot of MALI (Figure
9.6B) of Frost et al. (2001). All of the A-type granites have moderate Na2O (Figure 9.6C), high
K2O (Figure 9.6D), Agpaitic index <1 (i.e. are not peralkaline, Figure 9.6E), and are mildly
alkaline (Figure 9.6F). The Roxby Supersuite is alkalic and has higher K2O, K2O+Na2O and
Na+K/Al than the three other Supersuites of the HAG. Budd et al. (2001b) included the Hil-
taba and Williams (Mt Isa inlier, ~1500 Ma) granites together in the “Hiltaba type” in a 9-class
division of Australian Proterozoic granites, but here it can be seen that the Williams Granite
has higher Na2O and lower K2O than the HAG. With the exception of some samples with
low Na2O (possibly caused by alteration), all of the GRHVP samples have alkali contents
within the range seen in A-types granites from elsewhere.
As discussed briefly in Chapter 7, Creaser (1989, 1996) showed that samples of the Mt Gun-
son Tuff were initially formed at fO2 conditions near the NNO buffer, and that the Olympic
Dam Granite was probably formed under similar conditions. This is within the moderately
oxidised range of Blevin (2004) (Figure 9.6G). Stewart (1994) found iron-rich olivine pheno-
crysts in basal parts of the Eucarro Dacite, indicating a redox state below the FMQ buffer.
The presence of pigeonite + augite in the Yardea and Eucarro Dacites also indicates fO2
below FMQ (Stewart 1994). The oxidised–reduced boundary of Blevin (2004) equates to the
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Figure 9.6. L: Plot of Whalen et al. (1987). Data sources given in Table 9.8.
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Figure 9.7. Rock / primordial mantle trace element variation diagrams comparing the Jenners & Mal-
booma Supersuites of the Hiltaba Association Granites, to selected A-types from other areas and ages.
Normalising values of McDonough et al. (1992).
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Figure 9.8. Rock / chondrite REE variation diagrams comparing the Jenners & Malbooma Supersuites of
the Hiltaba Association Granites, to selected A-types from other areas and ages. Normalising values of
Taylor & McLennan (1985).
FMQ buffer, therefore the Yardea and Eucarro Dacites would be expected to plot in the
moderately reduced field of Figure 9.6G). The whole-rock Fe3+/Fe2+ data for the units of
Stewart (1994) and Creaser (1989, 1996) discussed above do plot in the fields expected from
the mineral data. However, some of the data shown for the Malbooma Supersuite has
extremely high Fe3+/Fe2+. These units show very strong reddening, including the formation
of hematite in miarolitic cavities (Big Tank Granite, Appendix VIII), and it is probably that
the high oxidiation state shown by whole-rock Fe3+/Fe2+ is caused by subsolidus or deuteric
alteration. In contrast, the Jenners Supersuite shows reduced and oxidised compositions,
including at compositions >2 wt% FeOtot. This may provide evidence that the Jenners Super-
suite is fundamentally different to the Malbooma Supersuite, rather than being part of a frac-
tionation continuum, a possibility suggested in Chapter 6.
The less felsic parts of the GRHVP have low Zr contents in comparison to most of the A-
type granites (Figure 9.6H). More felsic parts have similar contents to the majority of A-type
granites, but no parts of the GRHVP have the very high concentrations that some of the A-
type granites have, for example Red Mountain, Evisa and some of the Amazonian granites.
The GRHVP shows an increase in Zr with increasing SiO2 until an inflection at about 70 wt%
SiO2, marking the onset of early crystallisation of zircon. Very similar patterns can be
observed for other HFSE, including Ce, Nb and Y.
Most parts of the GRHVP have moderate to high fluorine, and are as enriched as any other A-
type suite (Figure 9.6I). The Jenners Supersuite generally has lower F than the Malbooma
Supersuite and shows a decreasing F content with increasing SiO2. Fluorine in the Malbooma
Supersuite increases with increasing SiO2 (Figure 6.3N). This different behaviour may be fur-
ther evidence for the two groups being distinct rather than a fractionation continuum. There
is only one data point for the Venus Supersuite.
Whalen et al. (1987) and Eby (1990) devised several plots to distinguish A-type granites from
other types. A-type granites generally have high HFSE (Loiselle & Wones 1979) and high
Ga/Al is diagnostic (Collins et al. 1982). Figure 9.6J shows that most of the felsic samples of
the GRHVP plot in the A-type field of Eby (1990), but that the Jenners Supersuite mostly
plots in the OGT field (I-, S- & M-type granites), and the Malbooma Supersuite crosses from
the FG (fractionated I-type granite) field into the A-type field. The Roxby and Venus Super-
suites are distinguished by the higher Ga/Al ratios of the Venus Supersuite.
Whalen et al. (1987) state that most A-type granites do not exhibit evidence of strong frac-
tionation, with high contents of highly charged cations not necessarily accompanied by high
Rb/Sr or Rb/Ba values. Whalen et al. (1987) state that although some parts of the Topsails
Suite are feldspar fractionated, a plot of Rb/Ba vs Zr+Ce+Y shows no apparent relationship,
whereas for the Ackley and Sandy Cape granites (fractionated I- and S-types respectively),
there is a strong negative trend. Figure 9.6K shows that, as stated by Whalen et al. (1987),
although some of the A-type granites are fractionated, none are very strongly so. The Wirrda,
Kychering and Pegler Suites are amongst the most fractionated within this dataset.
Most of the A-type granites have similar normalised trace element variation patterns, but not
necessarily abundances, to the Jenners and Malbooma Supersuites of the HAG (Figure 9.7).
Most have depletions in Cs, Ba, Ta, Nb, Sr, P and Ti, with enrichments in Th, U, La, Ce, Nd,
Hf, Zr, Sm and Y. Most of the other granites considered have higher HFSE and REE than the
Jenners and Malbooma Supersuites. This is also evidenced in the REE patterns (Figure 9.8).
9.3.1.1 Discussion of the A-type granite comparison
Some parts of the GRHVP show compositional similarities to some of the A-type granites
they are compared against here. In particular, the Roxby and Venus Supersuites show all of
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the characteristics of A-types as listed above. In addition to the chemical similarities, parts of
the GRHVP show similarities to other aspects of A-types, including mineralogy, temperature
of melting, and association of felsic and mafic components, and of extrusive and intrusive
magmas.
Whalen et al. (1987) stated that A-type granites contain annite-rich biotite and/or alkali
amphiboles and commonly sodic pyroxene. Mafic minerals generally crystallised late in the
solidification history, typically occurring as interstitial grains or clots (Whalen et al. 1987). The
feldspar is mainly alkali feldspar, commonly albite-orthoclase solid solutions or intergrowths,
and micrographic intergrowths of quartz and alkali feldspars are very common (Whalen et al.
1987). Many of the Hiltaba Association Granites from the Tarcoola region have these charac-
teristics (but are too felsic to contain pyroxene), as does the Wirrda Suite (Creaser 1996).
A-type granites characteristically form part of highly contrasting mafic-sialic associations with
evidence for mixing between the two magma types (Whalen et al. 1987). Plutons were
emplaced at high level, and volcanic equivalents of the plutonic rocks are common (Whalen et
al. 1987). The GRHVP is consistent with these two aspects of A-types. Another characteristic
of A-type granites is their high temperature of melting (Collins et al. 1982, King et al. 2001).
Creaser & White (1991) and Creaser (1996) used various geothermometers to show eruption
temperatures of >900°C for parts of the Yardea Dacite and Mt Gunson Tuff. Most of the
granite plutons examined in this study have Zr saturation temperatures (Watson & Harrison
1983) of >800°C, and it is suggested that these plutons are zircon undersaturated, meaning
their real melting temperatures are higher than this.
Not all parts of the GRHVP can be properly classified as A-types. The Jenners and Malbooma
Supersuites are better classified as felsic I-type granites, differentiated by the higher degree of
fraction of the Malbooma granites. In classifying felsic granites, distinguishing between frac-
tionated I-types and A-types can be difficult (Whalen et al. 1987, King et al. 1997). Also, Kil-
patrick & Ellis (1992) classified the Yardea Dacite as a volcanic equivalent of the charnockite
magma type (C-type). Numerous instances are documented where related granites show vary-
ing compositions that are caused by differences in source components or processes of melt-
ing or differentiation (Frost & Frost 1997, Poitrasson et al. 1995a, Kosunen 1999 & 2004,
Vander Auwera et al. 2003, Landenberger & Collins 1996, Anderson et al. 2003). The GRHVP
may be another example of such differences occurring within a province very similar to other
A-type provinces of similar age and extent in the Laurentia-Baltica supercontinent. Mid-
Proterozoic Australia may have been joined to Laurentia-Baltica in the Rodinia superconti-
nent (Karlstrom et al. 2001). The applicability of the A-type model to the HAG is discussed
further in Section 9.6.
9.3.2 Eastern Australian Palaeozoic granites
Both S- and I-type granites are abundant in the Lachlan Fold Belt, New England Fold Belt,
and north Queensland. A comparison is made here between the HAG and the I-type Boggy
Plains Supersuite, the Banshea Monzogranite of the Marulan Supersuite, the Chaelundi com-
plex, the Bamford granite, and the S-type granites of the Berridale Batholith. The Gawler
Range Volcanics have been omitted from this comparison to avoid overcrowding on the
accompanying geochemical figures.
9.3.2.1 Boggy Plain Supersuite
The Boggy Plain Supersuite (BPS) was chosen as a comparator as it is a well-documented I-
type with a broad compositional range formed by convective fractionation (Wyborn et al.
1987, 2001). Wyborn et al. (1987, 2001) considered that the BPS was derived by high-
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Figure 9.9. Comparison of the Wirrda, Pegler & Kychering Suites against other granite types. A: fields
from Frost et al. 2001. Fe* = FeO/FeO+MgO. B: fields of Irvine & Baragar (1971). Data sources
given in Table 9.8.
A
B
162 A.R. Budd
Chapter 9: Petrogenesis of the GRHVP Part II: Granites
Figure 9.9. Comparison of the Wirrda, Pegler & Kychering Suites against other granite types. C: fields
from Frost et al. 2001. MALI (modified alkali-lime index) = NaO+KO-CaO. D: Shand ASI = molecular
Al/(Ca-1.67P+Na+K) (Shand 1943).
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Figure 9.9. Comparison of the Wirrda, Pegler & Kychering Suites against other granite types. E: fields
from Rickwood (1989). F: fields from Cox et al. (1979).
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Figure 9.9. Comparison of the Wirrda, Pegler & Kychering Suites against other granite types. G: fields
from Eby (1990). H: fields from Blevin (2004).
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Figure 9.9. Comparison of the Wirrda, Pegler & Kychering Suites against other granite types.
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The Boggy Plain Supersuite (BPS) was chosen as a comparator as it is a well-documented I-
type with a broad compositional range formed by convective fractionation (Wyborn et al.
1987, 2001). Wyborn et al. (1987, 2001) considered that the BPS was derived by high-
temperature partial melting of an underplated incompatible-element rich gabbroic layer that
corresponds to the Ordovician shoshonitic basaltic volcanic rocks, i.e. is the result of rework-
ing of pre-existing crust. Collins (1998, 1999), Keay et al. (1997), Scheibner (1998) and Gray &
Foster (2004) prefer a subduction-related origin for most of the granites of the Lachlan Fold
Belt. The BPS is one of the type granites for the high-temperature, low-temperature subdivi-
sion of Chappell et al. (2000, 2004). It is a high-temperature granite, but is not an A-type, so
that the question of King et al. (2001) “Are A-types the high temperature felsic granites?” is
answered in the negative.
The entire BPS is magnesian, as are the basalts of the GRHVP (Figure 9.9A). The Pegler Suite
has slightly higher Fe/Mg than the BPS at similar SiO2 contents, but the Wirrda Suite is sig-
nificantly higher. The Kychering Suite is more felsic than the BPS, and is ferroan. Both the
BPS and the GRHVP plot in the calc-alkaline part of the AFM diagram (Figure 9.9B). The
BPS is calcic at SiO2 <65wt% and becomes calcic-alkali with increasing fractionation (Figure
9.9C). All parts of the GRHVP are more alkalic than this. The BPS is strongly metaluminous,
and the GRHVP is mostly more peraluminous at any equivalent SiO2 content (Figure 9.9D).
The GRHVP has higher K2O than the BPS, until about 71wt% SiO2 where crystallisation of
K-feldspar in the felsic Hiltaba Association granites causes K2O to decrease (Figure 9.9E).
The BPS is subalkaline, whereas most parts of the GRHVP, excepting some of the basalts, are
slightly alkaline (Figure 9.9F). The BPS plots entirely with the ‘other granite’ field of Eby
(1990), whereas the GRHVP plots mostly in the fractionated and A-type granite fields (Figure
9.9G, see also Figure 9.6G). The K/Rb ratio, an indicator of a granites’ degree of evolution
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Figure 9.9. Comparison of the Wirrda, Pegler & Kychering Suites against other granite types.
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Figure 9.10. Rock / primordial mantle trace element variation diagrams of the Pegler and Kychering
Suites, compared to other granites. Normalisation values of McDonough et al. (1992).
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Figure 9.10. Rock / primordial mantle trace element variation diagrams of the Pegler and Kychering
Suites, compared to other granites. Normalisation values of McDonough et al. (1992).
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Figure 9.11. Rock/chondrite rare earth element variation diagrams, Pegler and Kychering Suites versus
other granites and volcanics. Normalisation values of Taylor & McLennan (1985).
away from a primary (mantle) magma (Blevin 2004), is similar for both the BPS and the
GRHVP: both are moderately to strongly evolved (Figure 9.9H). The Rb/Sr ratio is generally
higher for the GRHVP than the BPS, and it increases steeply at high SiO2 for the GRHVP
(Figure 9.9I). The exception is the Jenners Supersuite, which has similar ratios to the BPS,
although several of the samples are more felsic. The GRHVP has slightly higher Pb, and sig-
nificantly higher Zr than the BPS (Figure 9.9J). The GRHVP have significantly higher con-
tents of F (Figure 9.9K). Both groups of granites & volcanics show an increasing Zr trend
until the onset of zircon saturation. Both U and Th are higher in the Roxby and most of the
Malbooma Supersuites than the BPS, but the Jenners Supersuite has similar or lower contents
than the BPS (Figure 9.9L). The BPS generally has lower Y and Ce than the GRHVP,
although the concentrations of both elements decrease at very high SiO2 in the GRHVP (Fig-
ure 9.9M). There is insufficient data to plot the REE pattern for the BPS. The trace element
variation diagram for the BPS is quite different to those of the Jenners and Malbooma Super-
suites (Figure 9.10C). In particular, the BPS has a strong depletion at Nb and some samples
have a slightly positive Sr signature, that the Malbooma and Jenners Supersuites do not have.
The Jenners and Malbooma Supersuites have enrichments in HFSE (Th, U, Zr, Hf) and Sm
and Tb that the BPS does not have.
The BPS has a very high temperature of formation (Wyborn et al. 1987, Chappell et al. 2004),
and is fractionated. However, the Bodgy Plain Supersuite is clearly not analogous to the
GRHVP granites and volcanics. In particular, it is has lower Fe/Mg, is subalkalic, and has
lower HFSE.
9.3.2.2 Banshea Monzogranite
The Banshea Monzogranite included as a comparator as it is a fractionated oxidised I-type
pluton associated with Pb-Zn-Ag mineralisation. It is assigned to the Marulan Supersuite, and
dated at 431±9 Ma by the Rb/Sr whole-rock isochron method (Budd 1992). The pluton hosts
Pb-Zn-Ag mineralisation dated by the biotite-sericite K-Ar method at 379 ± 12 Ma (Budd
1992), but it is unresolved whether this is the age of mineralisation (i.e. younger than the gran-
ite), or whether the K-Ar isotopic system was reset by the Tabberabberan Orogeny at this
time. Chappell et al. (1991) classified the pluton as unfractionated with SiO2 <70wt%, how-
ever the analyses of Budd (1992) show the pluton to include more felsic components, and that
feldspar fractionation did occur. The Banshea Monzogranite is magnesian, except for one
aplitic sample which is ferroan (Figure 9.9A). It is calcic to alkali-calcic, and metaluminous to
mildly peraluminous (Figures 9.9C, D). Alkali and HFSE contents are similar to the Boggy
Plain and Berridale granites, and K/Rb is low (Figures 9.9E-G, J, L-M). The overall normal-
ised trace element variation pattern for the Banshea Monzogranite is similar to those of the
Boggy Plains Supersuite and Berridale Batholith, with some minor variations, including
higher Ta, Hf, Sm and Tb, and the aplitic Banshea sample has very low Sr (Figure 9.10D). The
REE pattern is similar to the Jenners Supersuite (Figure 9.11C). Overall, the Banshea Monzo-
granite is distinctly different to the HAG.
9.3.2.3 Chaelundi Complex I-types
The Triassic Chaelundi Complex of the New England Fold Belt includes both A- and I-type
granites generated in a subduction-related tectonic setting (Landenberger & Collins 1996).
The A-type granites of the Chaelundi Complex have already been compared to the GRHVP,
so the I-type granites of the Complex are included here. The Chaelundi I-type granites are
magnesian, calc-alkalic, metaluminous, and have low alkalis (Figures 9.9A,C-F). They plot in
the OGT field of Eby (1990) (Figure 9.9G). K/Rb is higher than for the LFB granites (Figure
9.9H), but Rb/Sr and the HFSE contents are similar except for lower Ce (Figures 9.9I-M).
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Fluorine is much lower than in the GRHVP (Figure 9.9K). The trace element variation dia-
gram for Chaelundi I-types is mostly similar to those of the Boogy Plains, Banshea and Berri-
dale granites (not shown). The REE pattern is flatter than the HAG patterns, i.e. lower LREE
and a smaller negative Eu anomaly (Figure 9.11D). Overall, the Chaelundi I-type granites are
distinctly different to the HAG.
9.3.2.4 Bamford Granite
The Bamford granite is part of the late Carboniferous fractionated felsic I-type Ootan Super-
suite, occurring in the Cairns region of the Georgetown-Coen and Hodgkinson provinces
(Champion & Chappell 1992, Bain & Draper 1997). It is associated with the Bamford Hill W-
Mo-Bi deposit (Blevin 1990, Blevin et al. 1996), and is included here as a comparator as an
example of an evolved, fractionated, oxidised, mineralised granite. The Bamford Granite is
similar to the very felsic parts of the HAG, in having a high Fe/Mg ratio, high K2O and low
K/Rb, very high Rb/Sr and generally high HFSE (Figures 9.9A, B, E, H, I-J, L-M). Sodium is
lower in the Bamford Granite, as it has lower total alkali and MALI than the HAG (Figures
9.9C, F). The Bamford Granite is slightly more peraluminous than the HAG (Figure 9.9D).
Cerium is lower in the Bamford Granite than the HAG (Figure 9.9M). The trace element
variation pattern is very similar to that of the Jenners & Malbooma Supersuites, but the M- to
HREE are more elevated in the REE pattern (Figures 9.10F and 9.11E).
9.3.2.5 Berridale Batholith
The Berridale Batholith was chosen as a comparison against the HAG as it is classified as a
low temperature unfractionated S-type (Chappell et al. 1991, Chappell & White 1974, 2001),
with the expectation that the two granite groups would be very different. It is Siluro-
Devonian in age and occurs in the Lachlan Fold Belt (O’Neill & Chappell 1977, Gray 1984,
Chappell et al. 1991). As a batholith, this group of granites is comprised of several potentially
unrelated suites (Chappell et al. 1991, White et al. 2001): the grouping is based on geography.
However, the units are quite similar chemically. The Berridale Batholith has a low Fe/Mg
ratio (Figures 9.9A&B), and is the most calcic group considered here (Figure 9.9C). It has high
ASI, low K2O and total alkalis, which gives it a very low K/Rb ratio (Figures 9.9D-F, H). The
Rb/Sr ratio is quite high, suggesting some fractionation occurred (Figure 9.6I). The high field
strength elements Zr, Th, U, Ce and Y are of quite similar contents to the Boggy Plain Super-
suite (Figures 9.9G, J, L-M), and the primordial-mantle normalised trace element variation
diagram for the Berridale Batholith is also similar to the BPS (Figure 9.10E).
The Berridale Batholith is grossly similar to the Boggy Plain Supersuite, except for the differ-
ences caused by a higher sedimentary component. It is very dissimilar to the GRHVP, having
lower Fe/Mg, alkalis and HFSE and higher ASI.
9.3.2.6 Summary of comparison against Eastern Australian granites
Most of the Palaeozoic granites of eastern Australia represented here are very different from
the HAG, except for the Bamford Granite and Chaelundi Complex A-types. The Boggy
Plains Supersuite, Berridale Batholith, Banshea Monzogranite and Chaelundi Complex I-type
granites are grossly similar to each other. This is remarkable given the different origins pro-
posed for each granite, including high-T fractionated I-type (Boggy Plain) and restitic S-type
(Berridale). Compared to the HAG, they have lower Fe/Mg, are more calcic and have lower
ASI, K2O, total alkalis, HFSE and Rb/Sr at similar SiO2.
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Most of the granites of the Lachlan Fold Belt occur as very linear belts (Wyborn et al. 1987,
Chappell et al. 1991). This is typical of volcanic arcs, and a plate-tectonic subduction setting
for the Lachlan Fold Belt as a whole, including the generation and emplacement of the gran-
ites, is favoured by many authors (e.g. Collins 1998 & 1999, Schiebner 1998, Gray & Foster
2004), as it is for the New England granites (Landenberger & Collins 1996). However, it can
not be said that a subduction setting can be ruled out for the HAG on the basis of the dissimi-
larities to the eastern Australian Palaeozoic granites, as the A-type granites of the Chaelundi
Complex, which are similar to the HAG, also formed in this setting (Landenberger & Collins
1996). The Boggy Plains Supersuite differentiated by convective fractionation at high tem-
perature (Wyborn et al. 1987, Chappell et al. 2004), as did the Hiltaba Association granites
(Creaser 1996). Therefore, it is reasonable to conclude that the differences between the HAG
and the Palaeozoic LFB and NEFB granites reflect a different source of the HAG that was
considerably enriched in K and incompatible trace elements.
The Bamford Granite is not classified as an A-type (Champion & Chappell 1992), but it has
many of the characteristics of A-types, and is generally similar to the HAG. Granites of the
Ootan Supersuite were either derived by varying degrees of partial melting of an isotopically
homogeneous, probably Proterozoic, crustal protolith of andesitic to dacitic composition,
and/or were produced by a two-stage process by remelting of intermediate rocks similar in
composition to the mafic parts of another local supersuite, the Almanden Supersuite (Cham-
pion & Chappell 1992). The resulting primary partial melts underwent extensive, high-level,
feldspar-dominated crystal fractionation (Champion & Chappell 1992). This model of evolu-
tion may be applicable to the HAG, as discussed further in section 9.6.
9.3.3 Shoshonites
The Lady Jane Diorite, and the less felsic parts of the Roxby Supersuite, are high-K (Figure
9.9E) and the Lady Jane Diorite can be classified as shoshonitic (Chapter 3). Therefore, a
comparison is made here with shoshonites from two areas, the Palaeozoic Lachlan Fold Belt,
and the Proterozoic Fennoscandian shield.
9.3.3.1 LFB Ordovician Shoshonites
Wyborn (1992) regarded the Ordovician shoshonites of the Lachlan Fold Belt as being
derived from lithospheric mantle modified during a subduction event prior to the Ordovician,
with melting and emplacement of the shoshonites during lithospheric heating or overturning
prior to the upwelling of unmodified asthenosphere. Contemporaneous subduction is not
indicated for the shoshonites (Wyborn 1992). Included in the comparison here are the
shoshonites associated with significant Cu mineralisation at Cadia and Goonumbla (Blevin &
Morrison 1997).
Both set of shoshonites have moderately high Fe/Mg, plotting either side of the ferroan-
magnesian divide (Figure 9.9A), but within the calc-alkaline field of the AFM diagram (Figure
9.9B). Most of the shoshonites have high MALI values, and have higher ASI than most of the
other granites considered here (Figure 9.9C-D). They plot in the shoshonite field on the K2O
vs SiO2 diagram, and are moderately alkaline (Figures 9.9E-F). They have low HFSE, Ga/Al
and Rb/Sr, but high K/Rb, indicating that they are unevolved (Figures 9.9G-J). The LFB
shoshonites have low Ce and Y (Figures 9.9L-M). Overall the LFB shoshonites are distinct
from the mafic portions of the GRHVP in having higher total alkalis, and are less evolved
with higher K/Rb, lower Rb/Sr and lower incompatible trace elements.
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9.3.3.2 Svecofennian 1.8 Ga Shoshonites
The Svecofennian shoshonites (Eklund et al. 1998, Eklund & Shebanov 2005) are generally
similar in composition to the younger LFB shoshonites, except that they have significantly
higher HFSE (Zr, Ce, Y - Figures 9.9G, J, L-M). The trace element variation diagram (Figure
9.10G) is very different to those of the Lady Jane Diroite and Konkaby Basalt, being signifi-
cantly higher in Ba, Nb, La, Ce, Sr, Nd, P, Sm and Zr. The Svecofennian shoshonites have a
steeply decreasing REE pattern, from LREE significantly more abundant than the Lady Jane
Diorite and Konkaby Basalt, to similar HREE contents (Figure 9.11F). These shoshonites are
thought to have had a long and complex formation history. The source region is considered to
be the lithospheric mantle affected by carbonate metasomatism (Eklund et al. 1998). The mag-
mas underwent fractionation within the crust, and were intruded rapidly into high crustal lev-
els without significant crustal contamination (Eklund et al. 1998).
9.3.3.3 Summary of comparison against shoshonites
The GRHVP is dominated by felsic compositions, whereas the two shoshonitic associations
considered here are mafic to intermediate in composition. The GRHVP is less alkalic and
more evolved than either of the shoshonitic associations.
9.3.4 Large Igneous Provinces
Magmatism of the GRHVP occurs as an approximately equidimensional province, rather
than as a linear belt common to collisional-related granitic magmatism. The GRHVP magmas
have been shown to be very high-temperature, with eruption temperatures of 900-1000°C
suggested for the Yardea Dacite (Creaser & White 1991) and 910-940°C for the Mt Gunson
Tuff, with a geothermal gradient of ~40°C/km (Creaser 1996). The GRHVP is apparently
dominated by dacite to rhyolite compositions, however recent dating (e.g. Jagodzinski 2005)
has shown that a moderate volume of basic magma was also produced. Dating of zircon by
the SHRIMP U-Pb method indicates that the magmatic event spanned 20 million years from
~1595 to ~1575 Ma. The volume, composition, distribution and longevity of the GRHVP
limit the possible tectonic environments for its formation. Large igneous provinces are a pos-
sible analogue to the GRHVP. Two types are compared to the GRHVP below: felsic portions
of continental flood basalt provinces, and granites of Yilgarn Craton.
9.3.4.1 Silicic portion of CFBs
The Torfajökull (Iceland, Macdonald et al. 1990), Paraná (South America, Piccirillo et al. 1988,
Peate 1997) and Karoo (southern Africa, Cox 1988) are mafic-dominated large igneous prov-
inces that contain siliceous components. All have dominantly high Fe/Mg and are tholeiitic
(Figures 9.9A,B). They are metaluminous, but alkali indexes show some scatter: they are
dominantly calcic to calcic-alkalic, but one intermediate group of Paraná rocks and another of
felsic Torfajökull rocks have high alkalis (Figures 9.9C-D, F). Potassium increases with
increasing SiO2, the least felsic rocks plot in the calc-alkaline field, and more felsic rocks plot
in the high-K calc-alkaline field (Figure 9.9E). K/Rb is moderate, as is Rb/Sr (Figures 9.9H-
I). The HFSE are mostly moderate, however Zr is high (Figures 9.9G, J). Compared to the
HAG, trace element variation diagrams show lower Rb, Th, U, and K, and higher Ta, Nb, La,
Ce, Hf, Zr, Sm and Y, although these patterns include less felsic compositions than for the
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Jenners and Malbooma Supersuites (Figure 9.10). The REE patterns for the Torfajökull rocks
that have negative Eu anomalies (likely to be felsic) have significantly higher REE than either
of the Jenners or Malbooma Supersuites, whereas the Paraná rocks are similar to the HAG
(Figure 9.11). In general, the CFB felsic rocks considered here have higher Fe/Mg but lower
alkalis than the HAG, but may have similar enrichments in HFSE and REE. Kilpatrick & Ellis
(1992) showed similarities between the quartz latites of both the Karoo and Paraná provinces,
and the Yardea Dacite of the GRV, and suggested that both may be classified as C-type mag-
mas indicative of high temperature melting of dry, di-normative granulite.
9.3.4.2 Granites of the Yilgarn Craton
The Archaean Yilgarn Craton is approximately the same size as the Gawler Craton, having an
extent of 800  900 km. Granites constitute over 70% of the surface area (Cassidy & Cham-
pion 2004). Five types of granite are identified in the craton: High-Ca, Low-Ca, High-HFSE,
Syenitic, and Mafic granites (Champion & Sheraton 1997). High-Ca and Low-Ca groups
dominate, comprising over 60% and 20% respectively (Cassidy & Champion 2004). The
Low-Ca granites, and minor Syenites, occur as the last regional scale felsic magmatism in the
Yilgarn Craton, being emplaced throughout the Craton between 2.655 and 2.63 Ga, indicating
that craton assembly was complete prior to this time (Cassidy & Champion 2004). In com-
parison, the Gawler Craton has an extent of 1000  700 km, granites and volcanics comprise
>50% of the area, and the GRHVP granites and volcanics comprise ~30% of the area. The
GRHVP is also the last significant igneous event of the Gawler Craton. The Low-Ca group
has been described as having low CaO, Al2O3, Na2O and high K2O, HFSE and LREE, similar
to A-types, while the Syenitic and High-HFSE groups have been described as A-types (Cham-
pion & Sheraton 1997): it is for these reasons that these granites have been used here as a
comparison to the HAG. Data used for the comparison between Yilgarn granites and the Hil-
taba Association granites includes two suites of each group, from the Eastern Goldfields
province (Cassidy et al. 2002) (Table 9.8). Some samples of lamprophyres (Perring et al. 1991)
have been included as a comparison against the mafic parts of the GRHVP.
Of the major granite groups of the Eastern Goldfields province, the Low-Ca group is most
similar to the HAG. The Fe/Mg ratio, alkali contents, ASI, Ga/Al, K/Rb, Rb/Sr and most of
the HFSE are similar. Differences can be seen in the narrow range of SiO2 contents of the
Low-Ca granites, and higher Ce but lower U and Y than the HAG (Figure 9.9). The trace ele-
ment variation pattern of the Low-Ca group is grossly similar to the HAG, but the Low-Ca
group has higher Ba, La, Ce and Sr, and lower U and Y (Figure 9.10I). The other major group,
the High-Ca group, shows several differences to the HAG. The SiO2 range is even more lim-
ited than the Low-Ca group. A few samples have low Fe/Mg, but most are similar to the Low-
Ca and Hiltaba Association granites (Figure 9.9A). The High-Ca granites are weakly peralumi-
nous, and are subalkaline (Figures 9.9C-F). They have high Ga/Al, moderate K/Rb, but gen-
erally low HFSE and low Rb/Sr (Figures 9.9G-M). The trace element variation diagram has
higher Ba and Sr than the HAG, and lower Rb, Th, U, Nb, Hf, Zr, Sm, Tb and Y, and has a Sr-
undepleted Y-depleted signature (Figure 9.10H).
Neither the High-HFSE or Syenite groups are similar to the HAG. Both the Syenite and
High-HFSE groups have very restricted SiO2 ranges. Both have moderately high Fe/Mg (Fig-
ure 9.9A), but are otherwise quite different. The Syenite is alkaline or alkalic and metalumi-
nous, whereas the High-HFSE is subalkaline, or calcic-alkalic and weakly peraluminous (Fig-
ures 9.9C-D, F). The Syenite group has higher K2O than the High-HFSE group, but both
have moderate K/Rb (Figures 9.6E, H). Both groups follow a low Rb/Sr trend, and the High-
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HFSE group is similar to the Pegler Suite (Figure 9.9I). The Syenite has low HFSE, whereas
the High-HFSE group has similar contents to the HAG (Figures 9.9G, J, L-M). The High-
HFSE group is the only Yilgarn granite group to have similar Ce-Y to the HAG (Figures
9.9M). The trace element variation diagram for the High-HFSE group is similar to the HAG
but with lower Pb, Rb, U, Th and Sm, and a less-deep Ba depletion (Figure 9.10J).
The Mafic granite group and Lamprophyres of the Eastern Goldfields share some composi-
tional similarities, including ASI, K/Rb, Rb/Sr, and generally low HFSE but with moderately
high Ce (Figures 9.9D, H-M). The lamprophyres have lower Fe/Mg and MALI, and some
samples have lower K2O, than the Mafic granites (Figures 9.9A, C, E-F). Compared to the
Lady Jane Diorite, Nuckulla and Konkaby Basalts of the GRHVP, the Mafic granites are
more felsic, have lower Rb/Sr and higher K/Rb, and have higher (Ce/Y)N. The Yilgarn lam-
prophyres have lower Fe/Mg, K2O, Rb/Sr and higher K/Rb and (Ce/Y)N than the GRHVP
rocks.
9.3.4.3 Summary of comparison against LIPs
The extensive Low-Ca granites of the Yilgarn Craton have some similarities to the felsic gran-
ites of the HAG, but they do not have the broad compositions represented by the Roxby
Supersuite. They were derived by partial melting of crust of broadly tonalitic composition
(Cassidy & Champion 2004): the broader compositions of the HAG would require a higher
degree of partial melting than for the Low-Ca granites, or mixing with mafic magmas.
The Sr-undepleted Y-depleted signature of the High-Ca granites is indicative of high-pressure
dehydration melting of mafic material, but other data (e.g. high LILE, inherited zircon)
require an additional crustal component (Champion & Sheraton 1997). The Sr-depleted Y-
undepleted signature of the GRHVP rules out high-pressure partial melting.
The continental flood basalt provinces (also termed continental flood volcanism, mafic large
igneous provinces) considered here are generally dominated by basaltic lithologies (Macdon-
ald et al. 1990, Peate 1997, Cox 1988, Piccirillo et al. 1988), except for parts of the Etendeka-
Paraná province (Ewart et al. 2004, Garland et al. 1995). This, and the differences in chemistry
between the HAG and the felsic parts of CFBs, indicate that the GRHVP was not a continen-
tal flood basalt province, however both were indubitably the result of high temperature
melting.
Bryan et al. (2002) proposed the term ‘silicic large igneous province’ (SLIP) to describe
volcanic-plutonic provinces with large extrusive volumes of >75 vol% dacite-rhyolite with
near hydrous granite minimum melt compositions. In comparison, volumetrically minor fel-
sic magmas of CFBs are low volume, high temperature dry ternary granite minimum melts
(Bryan et al. 2002). The model of Bryan et al. (2002) involves a previous subduction event to
generate a hydrous calc-alkaline fertile I-type meta-igneous component, which melts at rela-
tively low temperatures, and minimum melts produce rhyolitic compositions. Bryan et al.
(2002) state that SLIPs have ~90 vol% felsics, whereas mafic large igneous provinces (or
CFBs) have ~90 vol% mafics: there is little in between. Bryan et al. (2002) suggest that the
GRV may be a preserved portion of a SLIP, but disregard the work of Giles (1988) and
Creaser (1996) and their own classification scheme in doing this: Giles (1988) and Creaser
(1996) regard the GRHVP as being derived by high temperature melting of a relatively anhy-
drous source, which produced a wide range of rocktypes not restricted to minimum-melt
compositions.
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9.3.5 Conclusion of comparative study
In comparison to Palaeozoic I- and S-type granites of eastern Australia, Archaean granites of
the Yilgarn Craton, felsic parts of continental flood basalt provinces, shoshonites of eastern
Australia and Fennoscandia, and A-type granites from various ages and locations, it is con-
cluded that the Gawler Range-Hiltaba volcano-plutonic rocks show most similarities to
magma complexes that include A-type compositions. The Roxby Supersuite can be classified
as an A-type, as it meets the chemical criteria, and shows rapakivi texture. Other parts of the
GRHVP are best classified as high-temperature fractionated I-types. Such duality of compo-
sitions is common to large igneous complexes world-wide in the Palaeo–Mesoproterozoic,
producing granites and volcanics that can be classified as either I-, A- or C-type (see refer-
ences in Table 9.8, Kilpatrick & Ellis 1992, Vander Auwera 2003). The Yardea Dacite, here
classified as an A-type, was found by Kilpatrick & Ellis (1992) to be similar other volcanics
from the felsic portions of continental flood basalt provinces. However, Bryan et al. (2002)
state that CFBs contain only <10 vol% felsic compositions, whereas the GRHVP has fel-
sic:mafic composition more akin to silicic large igenous provinces (see discussion above). The
variety in granite and volcanic character across the GRHVP indicates heterogeneities in
source compositions, and/or melting conditions, and possibly different magma ascent,
emplacement and cooling rates. This is discussed further in Section 9.6, but here it is con-
cluded that the GRHVP shows similarities to large, high-temperature provinces.
9.4 PREVIOUS PETROGENETIC STUDIES
This study does not aim to repeat work of earlier investigators into the petrogenesis of the
HAG and GRV. Rather, given the differences between the models proposed, comments are
made on which may be the more applicable model based on additional constraints provided
by this project.
Three previous studies have been completed on the petrogenesis of different parts of the
GRHVP. Giles (1988) examined the petrogenesis of the GRV in the Lake Everard and
Kokatha areas. Creaser (1995, 1996) examined the petrogenesis of the quartz latite-granitoid
Wirrda Suite of the HAG in the Roxby Downs area in particular, but also sampled a few
localities in the Eyre Peninsular. Stewart (1994) studied much of the GRV, concentrating on
centres around Tarcoola, Kokatha, Lake Everard, and the southern Gawler Range area.
9.4.1 Giles (1988)
Giles (1988) recognised distinct mafic and felsic volcanic associations with a compositional
hiatus between 54–59 wt% SiO2 in the Lake Everard–Kokatha area in the northwestern
Gawler Ranges. Granites assigned to the HAG intrude the volcanics, and are considered to be
comagmatic with the volcanics. In the Kokatha area, at least 400 m of subaerial basaltic lava
flows at the base of the GRV pile unconformably overlie deformed Archaean to Palaeopro-
terozoic metamorphic rocks (Blissett 1975, Branch 1978). The basalts are divisible into a
lower suite with subophitic and pilotaxitic textures, and an upper more differentiated suite
consisting of numerous hyalopilitic and intersertal textured flows, frequently with amygdaloi-
dal flow tops (Giles 1988). Thin acid ignimbrite units, generally <5 m thick and often showing
vitroclastic textures, separate some of the basalt flows, which are in turn succeeded by thick
sheets of voluminous dacitic to rhyolitic ash-flow tuff (Giles 1988). Within this acid volcanic
sequence there is at least one 20 m thick differentiated basalt unit (Giles 1988).
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In the Lake Everard area, the volcanic pile consists of an inward-dipping sequence of subaer-
ial rhyolitic to dacitic welded ash-flow tuffs with subordinate air-fall tuffs and lava flows
(Giles 1988). The eruptive sequence consists of, from bottom to top: two sheet-like com-
pound cooling units of low-silica dacitic ash-flow tuff and volumetrically minor andesitic vari-
ants (Childera Dacite & Mangaroongah Dacite); two rhyolitic lava domes, one of which
(Arburee Rhyolite) both intrudes and overlies the earlier dacitic ignimbrites; a sparsely-
porphyritic dacitic ash-flow tuff (Bunburn Dacite) overlies the lava domes, and has distinctive
high Al2O3 and Sr geochemistry; and finally a variety of pyroclastic rocks including unwelded
lithic-crytsal-vitric tuffs and welded dacitic to ryholitic ash-flow tuffs (Giles 1988). One areally
restricted basalt unit, known as the Nuckulla Basalt, has been mapped within the felsic vol-
canic pile, and it is comparable in texture to many basalts in the Kokatha area (Giles 1988).
Throughout the Gawler Range Volcanic province there are marked petrographic differences
between high-silica dacites and rhyodacites, grading into rhyolites, and low-silica dacites and
their andesitic variants (Giles 1988). The matrix of the former consists of quartz and K-
feldspar in a variety of intergrowths including microlitic, microgranular and micro-
granophyric; the matrix of the latter are characterised by aggregates of chlorite, Fe-oxides and
abundant microlitic plagioclase. The phenocryst components in both cases are similar (i.e.
dominated by andesine plagioclase and augitic clinopyroxene), but are markedly more altered
and corroded in the high-silica dacites and rhyodacites, suggesting dis-equilibrium with the
quartz–K-feldspar matrix. From the petrographic evidence Giles (1988) concluded that the
phenocrysts grew in an andesitic or low-silica dacitic parent melt, and were later engulfed by a
potassic liquid formed by prolonged differentiation.
Giles (1988) concluded that the felsic rocks show major and trace element trends broadly
comparable with the calc-alkaline series. Modelling calculations by Giles (1988) suggested that
the chemical trends were caused by fractionation of the modal minerals plagioclase, clinopy-
roxene, magnetite and apatite, but that individual mapped rock units had their own distinctive
chemical signatures within the broad envelope of trends (Giles 1988). The absence of a single
well-defined line of liquid descent is the main cause of the observed scatter in the data (Giles
1988). Giles (1988) noted that the decrease of Sr, V and Sc with increasing SiO2 is the product
of fractionation of plagioclase, clinopyroxene and magnetite, while the increase in Rb, Nb, Ce
and Y reflect the incompatible nature of those elements and the minor involvement of biotite
and amphibole in fractionation. Giles (1988) suggested that anomalous values of Zr, Ce and Y
in some porphyritic high-silica dacite and rhyodacite samples was the result of incorporation
of minor amounts of zircon in residual liquid along with major proportions of the modal min-
erals. This was in agreement with petrographic observations that these rocks have an appre-
ciable phenocryst component which was incorporated and brought to the surface in a high-
K2O residual liquid (Giles 1988).
Modelling of REE patterns suggest that compositions from andesite to rhyolite can be related
by fractionation of plagioclase or K-feldspar and accessory phases (apatite, zircon, titanite)
(Giles 1988). The Yardea Dacite has a similar REE pattern to the above-mentioned andesite
and dacite, however major element modelling precludes a direct relationship through crystal
fractionation (Giles 1988). It is suggested that the Yardea Dacite and other high-silica dacites
did not crystallise directly from a liquid, but rather had a significant accumulative component
(Giles 1988). The Bunburn Dacite, which is a conspicuous sparsely porphyritic dacitic ash-
flow tuff, has a more fractionated REE pattern resulting from both a relative HREE deple-
tion and LREE enrichment compared to other samples of similar SiO2 content. This pattern
is consistent with lower contents of Sc, V and Y indicating control by amphibole, while
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enhanced values of Al2O3 and Sr indicate a lesser involvement of plagioclase during fractiona-
tion. Giles (1988) suggests a significant involvement of amphibole either in the crystallisation
history or as a residual mineral in the source, which may in turn reflect different degrees or
conditions of partial melting. Likewise, differing conditions of magma generation and/or het-
erogeneities in the mantle source are indicated by differing REE patterns for basalts from
Kokatha and Nuckulla (Giles 1988).
Giles (1988) gives three possible models for the origin of the Gawler Range Volcanics: (1)
calc-alkaline crystal fractionation series from a likely crustal-contaminated mafic parental
magma; (2) large-scale mixing or contamination of compositionally distinct mafic and acid
magmas; (3) coeval, but genetically unrelated mantle-derived mafic magma and crustal-
derived felsic magma, with minimal contamination and/or mixing.
Giles (1988) discounted option 1 on the grounds that modelling the prolonged crystallisation
along the tholeiitic Fe-enrichment trend of the basalts does not yield the major or trace ele-
ment contents of porphyritic andesites from the Lake Everard area. Also, it was concluded
that the exposed volume of basic rocks in the province is too low to account for the huge vol-
ume of acid rocks. Giles (1988) regarded mixing or contamination models (2) as unsatisfac-
tory as they fail to explain the compositional hiatus in the 54–59 wt% SiO2 composition range.
Also, petrographic evidence for mixing is lacking, and in fact plagioclase and clinopyroxene
phenocrysts in andesite and low-silica dacites have compositions consistent with the host
rock geochemistry. Further, the consistency of relatively immobile element ratios in basalts
from widely separated localities argues against large-scale crustal contamination and magma
mixing.
Giles (1988) favoured separate magma sources for the mafic and felsic parts of the GRHVP
(option 3 above). Giles (1988) suggested relatively shallow (<60 km) hydrous melting of a
LIL-enriched upper mantle as the source for the basalts. The felsic magmas were thought to
be derived from high-temperature melting of comparatively refractory mafic-intermediate
granulitic crustal source which formed by the extraction of low-temperature hydrous melts
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Figure 9.12. Diagramatic representation of the petrogenetic model of Giles (1988).
from a granodioritic crustal source. This produced an intermediate member, which then dif-
ferentiated by fractional crystallisation to produce the observed felsic volcanic and intrusive
lithologies. This model is summarised in Figure 9.12.
Giles (1988) regarded this as intraplate magmatism related to mantle diapirsm, and as funda-
mentally different to those process that generated modern calc-alkaline magmas at conver-
gent plate margins.
9.4.2 Creaser (1995) & (1996)
Creaser (1996) examined the petrogenesis of the Wirrda Suite in the Roxby Downs area. The
Wirrda Suite comprises compositions ranging from intermediate quartz monzodiorites (56
wt% SiO2) to felsic granites (71 wt% SiO2), interpreted to be consanguineous on the basis of
similar age, isotopic composition and mineralogical and geochemical characteristics, and
assigned to the broader Hiltaba Suite and Gawler Range Volcanics (Creaser 1996). The study
of Creaser included the Mt Gunson Tuff, a widespread unit in the Stuart Shelf 70 km to the
south of Roxby Downs, also correlated with the Wirrda Suite (Creaser 1996). Granitoids of
the Wirrda Suite fall into three populations: early quartz monzodiorites followed by quartz
monzonites then granites. The Mt Gunson Tuff includes augite-biotite mineralogy (Creaser
1996), unlike any of the other Gawler Range Volcanics described by Blisset (1975) or Giles
(1988).
Creaser (1996) concluded that intrusion into the crust of mantle-derived magmas caused par-
tial melting of Palaeoproterozoic crust in the Roxby Downs area, producing a primary quartz
latite magma (equivalent to the Mt Gunson Tuff quartz latite), which differentiated into
cumulate mafic granitoids and fractionated felsic granites. Creaser (1996) compared Nd iso-
topic compositions of the Wirrda Suite and older Gawler Craton lithologies, and showed that
if the presently-exposed Archaean crust was involved in the Wirrda Suite genesis, then addi-
tion of juvenile mantle-derived magma is required. However, the mafic and felsic Wirrda Suite
granitoids, and the Mt Gunson Tuff quartz latites, are isotopically similar and are highly
unlikely to be part of an assimilation-fractional crystallisation (AFC) or mixing system, unless
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Figure 9.13. Graphical representation of melt and cumulate evolution from primary quartz latite magma
(Creaser 1996).
this process occurred at depth prior to ascent of a homogenised magma, followed by low-
pressure fractionation without further assimilation of wall rocks. Creaser (1996) showed that
in AFC modelling of the production of a quartz latite primary magma by mixing typical basalt
and Archaean crust, extensive fractionation (F » 0.2; mass of magma remaining/mass of the
original magma) is required to explain the Nd, Th, Rb and Nd values observed. However, the
Wirrda Suite primary magmas do not show other geochemical characteristics indicative of
extensive fractionation such as very low Sr and low values of Eu/Eu* in residual melts. The
phenocryst mineralogy of the volcanics indicates that plagioclase was the dominant early-
crystallising phase at low pressure, and the absence of steep LREE/HREE fractionation sug-
gests that plagioclase, not garnet, was also a major fractionating mineral at a deeper level of
any putative AFC system.
Other lines of evidence used by Creaser (1996) to support a crustal origin for the primary
quartz latite magmas include: (1) the magmas are enriched in K2O and LILE; (2) REE pat-
terns are consistent with residual plagioclase, not garnet, which limits the depth of melting to
about 8 kbar for diopside-normative intermediate bulk composition source rocks; (3) Sr and
Nd initial ratios indicate involvement of material with significant residence time in reservoirs
with crustal Rb/Sr and Sm/Nd ratios; (4) high-T, low-P crustal granulite-facies metamor-
phism of the region in known to be contemporaneous with magmatism at 1590-1600 Ma; (5)
overall, the GRHVP event is bimodal.
Creaser (1996) suggested that Palaeoproterozoic tonalitic to granodioritic orthogneisses from
the eastern Gawler Craton and Stuart Shelf basement may be suitable source rocks, as they
have Nd1590 values similar to the initial Nd values of the Wirrda Suite, and both the Wirrda
Suite and Palaeoproterozoic ortho-gneisses have similar model ages of 2.2-2.4 Ga. Creaser
(1996) states that partial melting of tonalitic to granodioritic sources can explain many of the
geochemical features of the Wirrda Suite quartz latite primary magmas. Enriched K2O occurs
as early elimination of biotite and alkali feldspar from the partially melted source is indicated
by experimental studies on these compositions (Creaser 1996). The high temperatures
required to generate partial melting from these source rocks is at least 900ºC, and will produce
magmas with low to moderate H2O contents and elevated content of F (Creaser 1996). These
are well described features of the Hiltaba Suite granites and Gawler Range Volcanics (e.g.
Creaser & White 1991). The high temperatures of partial melting also promote high contents
A.R. Budd 181
Part II: Granites Chapter 9: Petrogenesis of the GRHVP
Figure 9.14. 	
 plotted against MgO for three developmental volcanic centres of the Gawler Range Vol-
canics, demonstrating periodic recharge of magma chambers by more primitive mantle-derived magmas
(Stewart 1994, Stewart & Foden 2001).
of trace elements such as Zr and Th in the melt, and the overall depletion in ferromagnesian
trace elements such as Cr and Ni is likely to reflect the relatively felsic source lithologies
(Creaser 1996). Figure 9.13 summarises the different evolution paths of melts and cumulates
derived from the proposed quartz latite source in the model of Creaser (1996).
9.4.3 Stewart (1994)
Stewart (1994), working mostly in the Kokatha and Lake Everard areas, but also the southern
Gawler Ranges and Tarcoola areas, divided the volcanism of the GRV into two phases. The
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Figure 9.15. Schematic representation of the petrogenetic model of Stewart (1994) showing the range of
magmas possible by the basalt-crust assimilation-fractional crystallisation (AFC) mechanism.
first phase, which Stewart (1994) referred to as the developmental phase, was the initial vol-
canism in any particular area, and comprised sequences of dominantly silicic ignimbrites and
lavas of small to moderate volume, with a minor mafic lava component. The mafic rocks are
basalts, basaltic andesites and andesites. Stewart (1994) divided the basalts and basaltic andes-
ites into three groups: low phosphorous (LP) basalts; high phosphorous (HP) basaltic andes-
ites; and intermediate phosphorous (IP) basaltic andesites. The LP basalts occur in the Tar-
coola, Kokatha and Lake Everard areas, the HP and IP basaltic andesites occur at Kokatha
only, andesites occur in the Kokatha and Lake Everard areas, and no mafic volcanics were
found in the southern Gawler Ranges (Stewart 1994). Stewart (1994) interpreted chemical and
isotopic data to show that the mafic rocks represent different degrees of mixing between two
mantle-derived endmembers, one of which is of either OIB- or MORB-like composition,
derived by contemporaneous melting of asthenosphere (Stewart 1994). The other endmem-
ber may be derived from an enriched lithospheric source which contains high levels of REE
and LILE, a distinctive LILE pattern enriched in Ba and U relative to Rb and Th, and low
HFSE (Stewart 1994). The enrichment of the mantle lithosphere cannot have been tempo-
rally related to the GRV, for this would not allow time for evolution to low Nd (Stewart 1994).
Rather the enrichment must have occurred significantly prior to formation of the GRV, an
interpretation which is consistent with the Nd model ages of the basalts ranging from 1760 to
2140 Ma, and probably occurred during a subduction event (Stewart 1994). Stewart (1994)
argued that neither the LREE enrichment or high LILE/HFSE ratios of the basaltic rocks
could have been produced by crustal contamination, as otherwise the resultant magma would
have neither the high levels of MgO or compatible trace elements (Ni, Cr) seen in the most
primitive LP basalts.
The silicic volcanics of the developmental phase include phenocrystic rhyodacite and rhyolite,
and are characterised by: (1) covariation of Nd with indices of differentiation; (2) increasing
Nd with stratigraphic level in the Kokatha area; and (3) silicic magma dominates (Stewart
1994). Most of the felsic developmental phase volcanics from the Kokatha and Tarcoola
areas, which are underlain by Archaean basement, plot above the region defined by Archaean
basement on a Nd isotope evolution curve, thus these felsic volcanics cannot result from sim-
ple crustal partial melting (Stewart 1994). Crystal fractionation could produce the observed
chemical compositions of the developmental felsic volcanics, but is unable to account for the
systematic isotopic changes (Stewart 1994).
Simple mixing results in linear chemical trends, and mixing followed by fractional crystallisa-
tion results in chemically variable but isotopically homogeneous compositions, neither of
which apply to the developmental phase volcanics (Stewart 1994). Systematic variation of Nd
isotope values with various chemical parameters (Figure 9.14) indicate that the silicic magmas
formed by an AFC process between a mantle-derived mafic endmember similar to the coeval
basalts, and continental crust (Stewart 1994). As an example of the extent of assimilation, the
amount of Archaean crust in the Kokatha developmental phase felsic volcanics can be crudely
calculated as 10-12% in dacite, 17-22% in ryhodacite, and 42-43% in high silica rhyolite
(Stewart 1994). The result of the mixing process was the eruption of isotopically heterogene-
ous packages of volcanics with similar chemistry at any given silica level due to the dominant
effect of fractional crystallisation (Stewart 1994).
The second phase of volcanism, termed the mature phase, represented an abrupt change to
eruptions of large volume ignimbrites which were mostly dacitic to rhyodacitic in composi-
tion, with only minor silicic lava flows (Stewart 1994). The magmas of the entire mature phase
(~4000 km3) are isotopically homogeneous and mineralogical and chemical data indicate they
represent a single evolutionary sequence fractionated from more mafic magma that was
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chemically and isotopically homogeneous (Stewart 1994). Stewart (1994) suggests that the
developmental phase magma chambers became larger due to continued mafic magma input
and that the felsic magma volume increased until it initiated the coalesence of a number of
relatively small chambers into a single very large volume chamber. Stewart (1994) rejected
partial melting of bulk crust and mafic lower crust using the compositions of Taylor &
McLennan (1985), as neither can produce the REE and Eu-depletion of the Yardea Dacite.
The mafic source in particular demands very low percentages of partial melting, which then
presents a problem to produce the large volumes of very felsic melt observed. Stewart (1994)
argued that the Nd isotope signature of the Yardea Dacite is too evolved to have been derived
directly from mafic mantle melts with the characteristics of the developmental phase basalts.
Stewart (1994) dismissed the model of Creaser et al. (1991) of derivation by partial melting of a
tonalitic source on the grounds that melting of such a source should not produce dry melts,
and that the Yardea Dacite was too far above the amphibole-biotite dehydration breakdown
temperature. Stewart (1994) dismissed the C-type model of Kilpatrick & Ellise (1992, below)
on the grounds that the Yardea Dacite together with other mature phase volcanics, are not
particularly enriched in TiO2, P2O5 or K2O and on the discrimination diagrams of Kilpatrick
& Ellis (1992) plot within the field defined by Lachlan Fold Belt granites rather than within
the main field of the CMT.
Stewart (1994) preferred an assimilation-fractional crystallisation (AFC) model for the mature
phase volcanics, with LP basalt assimilating crustal melt. AFC modelling indicates that the
parental mature phase magma evolved by a combination of a low amount of assimilation (r =
0.2) of a silicic partial melt of crust, and approximately 50-60% fractionation of a phenocryst
assemblage dominated by plagioclase and pyroxene (Stewart 1994). The early erupted units
are chemically and mineralogically zoned, which was the result of fractional crystallisation
(Stewart 1994). The zoning was not repeated, indicating that once eruptions from the mature
phase chamber began, the rate of eruption exceeded that rate at which zoning could be regen-
erated (Stewart 1994). McPhie et al. (2002) classified most of the silicic volcanics of the mature
phase GRV as lavas, not ignimbrites, but this is not considered to be important to the genesis
of the magmas.
Two contrasting types of magmatic inclusions occur in the mature phase volcanics (Stewart
1994). Type 1, of basaltic andesitic composition, reveals that mantle derived mafic magmas
were present in the magma system until the cessation of volcanism. The silicic andesitic type 2
inclusions are interpreted to be a remnant of a more mafic precursor in the mature phase evo-
lutionary sequence ripped from a mushy zone on the periphery of the magma chamber during
eruption, and as such lends support to the interpretation that the mature phase volcanics are
the result of an extensive fractionation history. The petrogenetic model of Stewart (1994) is
summarised in Figure 9.15.
9.4.4 Kilpatrick & Ellis (1992)
Kilpatrick & Ellis (1992) classify the Yardea Dacite as a magmatic charnockite, derived from
high-temperature partial melting of a previously dehydrated (and therefore hornblende-poor
or absent) but not melt depleted, geochemically fertile di-normative granulite. However, the
majority of GRHVP intrusives and extrusives do not fit this classification, as they are either
too low in TiO2 or P2O5, contain igneous hornblende rather than pyroxene, and do not have
calcic alkali feldspar or potassic plagioclase. Kilpatrick & Ellis (1992) differentiate igneous
charnockites (C-types) from A-type magmas on the basis of a smaller SiO2 range and lower
mg# in the A-types compared to the C-types. However, the compilation of A-type granites
here shows a very broad range of both SiO2 and mg#. Both magma types have high K2O and
are enriched in trace elements, which Kilpatrick & Ellis (1992) admit might superficially sug-
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gest a similar origin. Both are derived by high-temperature partial melting (Kilpatrick & Ellis
1992, Collins et al. 1982). The key difference between the two is that pyroxene, rather than
amphibole, is a major component of the source in C-type magmas (Kilpatrick & Ellis 1992).
The fact that the Yardea Dacite has charnockite characteristics, whereas most of the rest of
the suite does not, suggests that there were differences in the sources or depth of melting for
the various units of the GRHVP.
9.4.5 Southern Gawler Range Volcanics
The southern part of the Gawler Range Volcanics is composed of mingled feldspar- quartz-
phyric dacite, rhyodacite and rhyolite lavas (Kamenetsky et al. 2000). These units are the
Eucarro Dacite, Yannabie Rhyodacite and Paney Rhyolite respectively, as mapped by Blisset
(1986). Field relationships suggest that dacite erupted first, locally grading into rhyodacite, fol-
lowed by mingled dacite and rhyolite or rhyodacite and rhyolite, and finally in some areas
rhyolite, and imply that the three lithofacies co-existed in a compositionally stratified magma
chamber (Kamenetsky et al. 2000). Melt inclusions in quartz from rhyolite and rhyodacite-
dacite, respectively, belong to two compositional populations (Kamenetsky et al. 2000). Inclu-
sions in the rhyolitic quartz have less evolved compositions with lower SiO2 (72–76.4 wt%)
and higher Al2O3 (13.2–15.6 wt%) and Na2O (2.5–4.2 wt%) abundances (Kamenetsky et al.
2000). In contrast, melt inclusions in quartz from the rhyodacite-dacite are more evolved
(75.5–78.3 wt% SiO2, 11.2–12.7 wt% Al2O3 and 1.7–2.2 wt% Na2O) (Kamenetsky et al. 2000).
The two melt populations define a single compositional trend towards groundmass composi-
tions, which are essentially similar in all three lithofaces (77.8–80.5 wt% SiO2, 9.9–11.1 wt%
Al2O3 and 2.2–2.4 wt% Na2O) (Kamenetsky et al. 2000). This trend is consistent with the deri-
vation of the groundmass melt from a single precursor melt of rhyolitic composition by
means of crystallisation of dominant plagioclase, K-feldspar and minor quartz (Kamenetsky et
al. 2000). Plagioclase-enriched dacite-rhyodacite magma comprises a mixture of the residual
melt and plagioclase phenocrysts that accumulated in the upper part of the magma chamber
and erupted first (Kamenetsky et al. 2000). Similar residual melt containing quartz and K-
feldspar phenocrysts was present deeper in the magma chamber and erupted later to form
quartz-, K-feldspar-phyric rhyolite.
Morrow & McPhie (2000) state that geochemical data suggest that three rhyolitic magmas
existed in a magma chamber that was compositionally heterogeneous. After a large volume of
plagioclase rhyolite magma had been withdrawn, quartz rhyolite and /or vesicular rhyolite
were entrained into the flow (Morrow & McPhie 2000). The plagioclase rhyolite, quartz rhyo-
lite and vesicular rhyolite equate to the dacite, rhyodacite, and rhyolite, respectively, of
Kamenetsky et al. 2000. Mingling occurred during laminar flow in the conduit and continued
during extrusion, resulting in compositional flow banding and more irregular combinations
(Morrow & McPhie 2000). These textures imply that the entire unit was emplaced as lava, and
that the eruption style was fundamentally effusive or very weakly explosive (fountaining)
(Morrow & McPhie 2000). The units had previously been considered to be ignimbrites (Blis-
set 1986, Stewart 1994).
Allen et al. (2003) have re-defined the relationships of this part of the lower Gawler Range
Volcanic succession, taking into account more recent mapping (Morrow 1998, Morrow &
McPhie 2000) and the results of study of Kamenetsky et al. (2000). The Eucarro Dacite, Yan-
nabie Rhyodacite and another unit, the Nonning Rhyodacite, have been included in the
Eucarro Rhyolite, and the Paney Rhyolite has been included as a member in the Eucarro
Rhyolite. This division recognises that the previous four units are actually part of a single lava
emplacement unit (Allen et al. 2003).
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None of the authors of the above hypothesise on the origin of the GRV magmas. However,
this work shows in detail, how geochemically distinct units of the GRV can be resultant of
eruptions from different parts of a heterogeneous magma chamber, rather than of separate
magma chambers. The different units have different major element compositions, mostly
related to differences in plagioclase and K-feldspar abundances, but similar REE (Morrow
1998), and isotopic compositions (Stewart 1994).
9.4.6 Summary of previous work
The models of Giles (1988) and Creaser (1996) share some similarities. Creaser (1996)
invokes an entirely crustal primary magma with cumulate and fractionation evolutions to
form intermediate and felsic granites respectively. Giles (1988) regarded that the intermediate
to felsic GRV was formed this way also. Both models invoked partial melting of dehydrated
mafic to intermediate crust. Most of the samples of GRHVP rocks analysed by Creaser (1995)
have Nd isotopes compatible with the involvement of Palaeoproterozoic crust stabilised at
~1.85 – 1.71 Ga. The major difference between the two models is that Giles (1988) includes
contemporaneous basaltic compositions, including the Kokatha and Nuckulla Basalts. Giles
(1988) suggested that LIL-enriched mantle-derived magmas formed the basalts, and also
caused the crustal anatexis that resulted in the intermediate to felsic units of the Gawler Range
Volcanics and Hiltaba Suite. There was however no mixing of the two magmas, and Giles
(1988) did not give an opinion on when the mafic magmas separated from the mantle. One of
the reasons Giles (1988) objected to mixing was because of the compositional hiatus between
54–59 wt% SiO2. However, when all of the GRHVP geochemical data is viewed as a whole,
this hiatus does not exist.
Stewart (1994) also invoked intrusion of LIL-enriched mantle-derived mafic magma, which
caused crustal fusion. However, the model of Stewart (1994) then becomes much more com-
plicated than either of Giles (1988) or Creaser (1996). Stewart (1994) divided the GRV into
the ‘developmental’ and ‘mature’ phases. The developmental phase included the stratigraphy
of the Lake Everard area, which Giles (1988) also studied, and areas around Tarcoola,
Kokatha and the Southern Gawler Ranges. Using Nd isotopes, which Giles (1988) did not,
Stewart (1994) regarded that systematic variation of Nd isotope values with various chemical
parameters in the developmental phase volcanics required formation by combined assimila-
tion and fractional crystallisation (AFC) between a mantle-derived mafic endmember and
continental crust. The mafic endmember was suggested to be similar to the coeval basalts (e.g.
Konkaby Basalt) and dominant in all cases. Epsilon Nd in the Lake Everard area ranged from
+1.2 for the Nuckulla Basalt to -3.6 for the Baldry Rhyolite (Stewart 1994).
One of the essential differences between these three models is whether or not mantle-derived
material is an essential part of the felsic magmas. Whereas both Giles (1988) and Creaser
(1995, 1996) invoke mantle-derived magmas to cause crustal fusion but with no magma mix-
ing, Stewart (1994) regarded such mantle-derived magmas as a major component of felsic
magmas. Stewart & Foden (2001) propose <30% of crustal material in the felsic volcanics and
their granite equivalents, whereas Giles (1988) and Creaser (1996) propose 100% crustal
material. The Nd isotope data of Stewart (1994) (Figure 9.14) which shows repeated recharge
by unevolved magma into the developmental volcanics, is fairly convincing for a mantle com-
ponent with periodic recharge in those units that were sampled. It must be noted that no such
variation has been observed in any of the granites, and that the available Nd isotope data for
the granites and the ‘mature phase’ felsic volcanics cannot preclude derivation solely from
Palaeoproterozoic crustal material - this is discussed further below.
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9.5 PETROGENESIS OF THE GRHVP ASSOCIATION
One of the original aims of this thesis was to investigate if there were any factors evident in the
formation of the Hiltaba Association Granites that may relate to the different styles of miner-
alisation associated with the granites. Such factors were thought to include variations in
source (e.g. crustal versus mantle contributions), melting conditions (e.g. temperature and
pressure of melting may influence residual mineral phases, which may control the metal con-
tent of the magma), emplacement conditions, whether there were distinct periods of magma-
tism and mineralisation, or all of these in combination. How these factors may relate to miner-
alisation is discussed in Chapter 18. Although not directly an aim of the project, the informa-
tion derived by the study assists in understanding the tectonic setting of the GRHVP event.
Unravelling the petrogenesis of the HAG with certainty is not straightforward because of the
variables involved. None of the tools available to the petrologist (geochemistry, mineralogy,
radiogenic isotopes) provide unique solutions to the problems of identifying endmember
parental components, nor to the conditions under which they may have mixed (or not), then
been emplaced into the crust. Neodymium isotopes have been used by Stewart (1994),
Stewart & Foden (2001), and Creaser (1995, 1996) to suggest different origins for felsic mag-
matism of the GRHVP, but they do not provide unique solutions to crust-mantle mixing as it
is not possible to constrain end members, or to model complex mixing interactions. Similarly
for lead isotopes.
There are however, some fundamental observations that place broad constraints on the origin
of the GRHVP association. The event was voluminous and areally extensive, dominated by
felsic materials but also involved basalts, was high temperature, and emplacement was at a
shallow level for the granites and mafic intrusives, and subaerial for the felsic and mafic lavas.
Differentiation of the granites from their parental melts was by fractional crystallisation. The
available constraints are outlined below, followed by a discussion of these petrogenetic
indicators.
9.5.1 Constraints
The geochemical, petrographic and isotopic data outlined above and in previous chapters
provide constraints on any petrogenetic model applied to the Hiltaba Association Granites
and their Gawler Range Volcanics eruptive equivalents. These characteristics are summarised
below:
1. The HAG in the Tarcoola region has a wide range in compositions, from
granodiorite to aplite, but is dominated by felsic rocks. The GRHVP in its entirety
ranges from basalt to rhyolite, with equivalent intrusive rocktypes, and may include
anorthosites. The compositional hiatus in the interval 54–59 wt% SiO2 noted by
Giles (1988) does not hold when considering the GRHVP as a whole (Figure 8.4),
but may occur locally. The GRHVP may be considered to be bimodal in the sense
that the mafic units (e.g. Konkaby Basalt, Lady Jane Diorite) are not related to the
intermediate to felsic granitoids and volcanics by a single liquid line of descent. The
silicic portions of the Gawler Range Volcanics have been divided into the Lower and
Upper GRV (Blissett 1986 & 1987, Giles 1988, Blissett et al. 1993, Allen et al. 2003).
2. The majority of the felsic components of the HAG and GRV have high K2O, Rb,
HFSE and LREE, with low MgO, CaO, Sr, Cr, Ni, V and Sc relative to Phanerozoic
calc-alkaline granitoids. The HAG and GRV together may be subdivided into at
least four supersuites. The Roxby and Venus Supersuites are classified as A-types,
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but have different alkali contents and Ga/Al ratios. The Jenners and Malbooma
Supersuites are fractionated I-types, with differences (among others) in the degree of
fractionation and F content. The Yardea Dacite has been classified as a C-type
similar to silicic portions of CFBs (Kilpatrick & Ellis 1992), but here is included in
the Roxby Supersuite.
3. The felsic components of the GRHVP are Sr-depleted Y-undepleted, probably
indicating a plagioclase-stable source and relatively shallow depth of melting
(<25km).
4. The type of mantle involved may be estimated from the most primitive basalts.
Stewart (1994) suggested that this endmember was itself the result of mixing of
contemporaneous asthenospheric magmas with older lithospheric mantle that had a
slightly evolved Nd isotopic signature.
5. The GRHVP shows a wide range of Nd1585Ma values, from -9.06 to +2.81 (Figure
9.15). The Hiltaba Association Granites encompass this entire range with a slight
dominance of values around -3, the Lower Gawler Range Volcanics have values
similar to the HAG, while the Upper Gawler Range Volcanics have a narrow range
with all values below zero, dominated by Nd1580Ma -4 (not shown). When the data is
categorised by supersuite, the Roxby and Venus Supersuites generally have lower
147Sm/144Nd and Nd1580Ma than the Jenners and Malbooma Supersuites (Figures
9.16, 7.8). This suggests that those magmas with A-type characteristics were derived
from material with a more evolved Nd isotope signature than the I-type magmas.
Also, the A-type magmas are generally restricted to Domains with strongly negative
Nd1580Ma (AppIX.41).
6. Stewart (1994) showed that Nd isotope systematics changed with indices of
differentiation within the stratigraphy of individual ‘developmental phase’ silicic lava
units of the Lower Gawler Range Volcanics. Most of these units are assigned to the
Roxby Supersuite, the same supersuite which the Olympic Dam Granite is assigned
to. Note that Creaser (1989, 1995, 1996) presents a very different model for the
petrogenesis of the Olympic Dam Granite than Stewart (1994) for the
‘developmental phase’ volcanics (see above), although here they have both been
assigned to the Roxby Supersuite.
7. Very little Pb isotope data are available. The Pegler Granite has ‘retarded’ Pb (low
U/Th), while the Kychering Granite has an ‘orogenic’ (Zartman & Haines 1988) Pb
isotope signature.
8. Creaser (1996) modelled 27 wt.% fractionation of plagioclase, augite, ilmenite,
magnetite, biotite and K-feldspar from a quartz latite primary magma to produce
granites (the Olympic Dam Granite) of ~71 wt% SiO2. Modelling in this study
suggests between 20–50 wt% fractionation of plagioclase, amphibole, biotite and
titanite from a hypothetical granodiorite parent magma to form the range of
compositions of the Pegler Granite, with more extensive fractionation (up to 80%)
involving increasing amounts of K-feldspar, biotite and allanite to produce the felsic
range of compositions of the Kychering Granite. Batch melting from the
hypothetical granodiorite parent is ruled out. Basalt or andesite alone cannot have
been source for granites. There is no evidence for restite unmixing. Accumulation of
some minerals such as orthoclase is a possible explanation for apparently high Rb in
modelled daughter melts, which may indicate convective fractionation. However,
partial open-system differentiation for the granites cannot be ruled out, including
AFC processes. The HAG developed from an intermediate-composition parent by
fractional crystallisation, but the modelling places no constraints on the origin of the
parent.
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9. Evidence that the granites were emplaced at high levels includes common miarolitic
cavities, and intrusion into the base of the comagmatic volcanic pile. The volcanics
are dominated by subaerial lavas.
10. High temperatures of eruption are recorded for the Yardea Dacite. Creaser & White
(1991) used four geothermometers to record a temperature range of ~900–1000°C.
Zircon saturation temperatures, which should be regarded as minimum melting
temperatures, for the Paxton and Kychering Granites, are ~800°C. The highest
zircon saturation temperatures are restricted to the A-type supersuites, the Roxby
and Venus Supersuites (Figure 7.9). This, and the available geochronology, suggests
that the hottest magmas were formed early in the GRHVP event (compare with
Figure 7.7).
11. The area intruded by granites of the Hiltaba Association is slightly elongate, at
approximately 500 km NE-SW by 800 km NW-SE. The volume of the granites has
not been estimated. The main body of the Gawler Range Volcanics is also slightly
elongate in the same direction as the granites, and has dimensions of ~200 km by
400 km. The total volume of the GRV has not been estimated, but three lava flows in
the southern part of the GRV each have volumes of >500 km3, including the
Eucarro Rhyolite, Pondanna Dacite Member and the Moonaree Dacite Member
(Allen et al. 2003). Note that the overall direction of elongation of the GRHVP is not
necessarily reflected in the shape of individual volcanic units or granites.
12. The GRHVP has a recorded timespan of ~25 My. The oldest age recorded is
1598±7 Ma for the Tickera Leucotonalite (Fanning 1997), and the youngest is 1574.7
± 4.3 Ma for the Kychering Granite (this work). Age control on the GRV is poor: as
noted above, the GRV is subdivided into Upper and Lower portions, but some ages
for the stratigraphically older Lower GRV are younger than the overlying Upper
GRV (see Appendix III). With the available data, it appears that the A-type Roxby
and Venus Supersuites are older than the I-type Jenners and Malbooma Supersuites
(with some noteable exceptions) (Figures 7.6 & 7.7). Also, the younger units appear
to wrap around the older units, forming a crescent on the western and southern sides
of the older ‘core’. Dating of the Au and Cu-Au deposits associated with the
GRHVP is not precise or accurate enough to correlate with an age, or ages, of
granites.
13. The GRHVP appears to be the last significant tectonothermal event to have affected
the Gawler Craton, excepting the minor Munjeela Granite ~1560 Ma and the Spilsby
Suite and metamorphism in the Moonta–Wallaroo area ~1510 Ma. The Pandurra
Formation, which has a maximum depositional age of 1590 Ma, unconformably
overlies the GRV in the Stuart Shelf region, with a maximum recorded thickness of 1
km. That this sedimentary package is missing in the Gawler Ranges and Tarcoola
areas may indicate erosion of 1 km, probably following isostatic rebound.
9.5.2 Evidence from the composition of the granites and felsic volcanics
(Points 1-3 above).
Points one to three above relate to the chemical composition of the Hiltaba Association
Granites and Gawler Range Volcanics. Several factors of the granites’ and volcanics’ compo-
sition indicate derivation by high temperature, shallow level partial melting of dominantly
crustal material. Three factors (temperature, pressure, composition) in the genesis of the
HAG are intimately linked, for as numerous experimental studies have shown, the composi-
tion of granite melt is in part determined by the residual mineralogy, which is determined by
mineral stability at the pressure and temperature of melting. The conditions of emplacement
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also have a bearing on the final composition of each granite pluton, as the fractionation his-
tory of each magma batch can be dependant of factors such as ascent rate (e.g. King et al.
2001). Similarly, factors that affect magma chamber heterogenities and eruption rates, such as
magma chamber size, ascent rate and regional stress field, excert additional influences on the
final composition of volcanic units (c.f. Allen et al. 2003).
The GRHVP shows a range of compositions that may be classified as I-type or A-type, i.e. all
are metaluminous to slightly peraluminous, alkalic-calcic, and hornblende-stable at lower
SiO2. They all have high K2O, high REE, K2O/Na2O >1, and low Na2O, CaO and Al2O3, but
have varying, generally high, HFSE, Ga/Al, Fe/Mg and LILE, which is where the difference
between I- and A-type classification occurs. In addition, parts of the comagmatic felsic GRV
may be classified as magmatic C-type on the basis of their mineralogy (e.g. Yardea Dacite, Kil-
patrick & Ellis 1992).
The high K2O of the GRHVP is probably due to melting of K-feldspar ± mica ± amphibole
source rocks (Creaser et al. 1991, Wyborn 2001). High K2O is common to the majority of Aus-
tralian Proterozoic granites (Wyborn et al. 1992), and is also one of the distinguishing features
of the A-type classification (e.g. Collins et al. 1982). The high K content is unlikely to be
derived by melting of basalts, which usually results in tonalitic-trondhjemitic-grandioritic
compositions with higher Na/K ratio than observed for the GRHVP (Rapp et al. 1991).
In addition to being derived from a high K source, the high K, and low Na, Ca and Al nature
of the GRHVP may have been emphasised by the depth of melting. Residual plagioclase in
the source will emphasise high K, low Na, Ca and Al content of the resultant melt. In addition
to the K, Na, Ca and Al contents, the HAG has a Sr-depleted, Y-undepleted trace element sig-
nature, suggestive of a plagioclase-residual, rather than garnet residual source, with melting
occurring at a pressure of <10 kbar (Rapp et al. 1991, Rapp & Watson 1995, Singh & Johannes
1996a & b, Patiño Douce 1997). Also, low pressure partial melting leaving a plagioclase-
orthopyroxene residue is further supported by the high Ga/Al ratios typical of A-type gran-
ites (Whalen et al. 1987, Patiño Douce 1997), as plagioclase retains Al relative to Ga, whereas
clinopyroxene, which is stable at greater depths than orthopyroxene, has the opposite effect.
Creaser et al. (1991) argue that the requirement for elimination of high K mineral phases (K-
feldspar ± mica) from the melted source, at the same time as retention of plagioclase, rules out
a source with a previous melt-depletion (granulite source model, Collins et al. 1982, Whalen et
al. 1987, Clemens et al. 1986) for A-type granites. Creaser et al. (1991) argue that K-feldspar
and biotite are the first phases eliminated during melting of compositions such as tonalite at
moderate pressures (~10 kbar), and that I-type magmas require breakdown of hornblende
(Chappell et al. 1987) which occurs after K-feldspar and biotite breakdown. Patiño Douce &
Beard (1995, 1996) show that partial melting of a wide range of crustal rocks produces refrac-
tory granulitic residues that are depleted in alkalis relative to alumina, and in TiO2 relative to
MgO. Remelting of these residues cannot produce granitic liquids with the high
(Na2O/K2O)/Al2O3 and TiO2/MgO ratios characteristic of A-type granites (Patiño Douce
1997).
Rather than remelting a previously melted felsic I-type granitic source, Creaser et al. (1991),
Patiño Douce (1997) and King et al. (2001) favour direct melting of tonalitic to granodioritic
sources but at low pressure and high temperature to generate A-type melts. Incongruent
dehydration melting experiments on natural tonalite and granodiorite show that at 950°C and
~4 kbar, crystals of Ca-rich plagioclase, abundant orthopyroxene and scarce clinopyroxene
are formed (Patiño Douce 1997). At 8 kbar, plagioclase growth is negligible or absent, clino-
pyroxene is abundant, and orthopyroxene is scarce (Patiño Douce 1997). Melt compositions
are displaced towards A-type compositions relative to the calc-alkaline starting materials and
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display more definite A-type characteristics at 4 kbar than at 8 kbar (Patiño Douce 1997).
Higher pressure (15-32 kbar) vapour-absent melting of tonalite produces a garnet-bearing
residue (Patiño Douce 2005), which would produce a Sr-undepleted Y-depleted signature.
Creaser (1996) estimated an emplacement depth of ~6km (2 kbar) for the Olympic Dam
Granite, which is shallower than, and therefore consistent with, the depths of melting dis-
cussed by Patiño Douce (1997).
In general, partial melting of more mafic sources (e.g. basalts, amphibolites) yields melts of
tonalitic or trondhjemitic composition (Rapp et al. 1991, Wylie & Wolf 1993, Rapp & Watson
1995, Winther 1996) which are too mafic themselves to be the parent melts of A-type granites.
However, Vander Auwera et al. (2003) favoured formation of the 1.0–0.9 Ga ferro-potassic
A-type granitoids of southern Norway by extreme fractionation of gabbronorites derived by
partial melting of garnet-free, hydrated, undepleted to slightly depleted (Nd > 0) and potas-
sic mafic sources, and noted that this was in agreement with the experimental data of Rapp &
Watson (1995). The basalts and felsic units of the GRHVP do not form a continuous liquid
line of descent, which argues against formation by extreme differentiation from mafic mate-
rial for the GRHVP.
Another possible source model is the mixing of basaltic and crustal anatectic magmas. Intru-
sion of basalt into the lower crust has long been considered a viable heating mechanism for
crustal anatexis (Huppert & Sparks 1988, Annen & Sparks 2002). Melting experiments on
intimate mixtures of basaltic and tonalitic (López et al. 2005) or basaltic and metapelitic com-
positions (Skjerlie et al. 1993, Skjerlie & Patiño Douce 1995) suggest that the volume of melt
produced is much higher than of either mafic or felsic components alone. Such mixing
between mantle-derived mafic components and crustal melts is essentially what Stewart
(1994) and Stewart & Foden (2001) argue in favour of. Such mixing is discussed further
below.
The high HFSE and REE of the HAG require either an enriched source, high temperature
melting causing complete incorporation of accessory mineral phases (Collins et al. 1982,
Creaser 1996, Patiño Douce 1997, King et al. 2001), complexing with F in the melt phase (Col-
lins et al. 1982, Whalen et al. 1987, Creaser et al. 1991, Webb et al. 1987), a high degree of frac-
tionation of the incompatible elements (Landenberger & Collins 1996), or a combination of
the above. Kerr & Fryer (1993) suggest that the efficiency of these processes is such that even
when a crustal melt is diluted by mantle-derived basaltic material, the resulting magma will still
have higher concentrations of HFSE than normal I-type granites. High F is commonly
described as a characteristic of A-types, and is possibly brought about as the high temperature
of melting promotes complete breakdown of biotite and hornblende in the source rocks,
releasing significant halogens into the melt (Creaser et al. 1991). Another consequence of high
F contents is the early crystallisation of hornblende, with stabilisation of the amphibole struc-
ture by F - which enters the ‘OH’ sites (Collins et al. 1982). Amphibole was noted as an early
crystallising phase in major element modelling of the Pegler & Kychering Granites (above).
Two non-exclusive explanations are given for the low contents of the ferromagnesian trace
elements (Ni, Cr, V, Co) in A-type granites: their concentration in residual orthopyroxene
(Collins et al. 1982, Patiño Douce 1997), and low abundances of these elements in the initial
source (Creaser et al. 1991, Creaser 1996). The second possibility suggests that the source of
the granites was more evolved than typical I-types granites (Chappell & Stephens 1988), and
was suggested to be evolved quartz diorite, tonalite or granodiorite (Anderson 1983, Creaser
et al. 1991, Creaser 1996).
A-type granites have in the past been described as dry or anhydrous (Loiselle & Wones 1979,
Collins et al. 1982, Anderson 1983, Rämö & Haapala 1995), however more recent work sug-
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gests that this is not a necessity in all A-type granites (King et al. 1997, 2001, Patiño Douce
1997). Patiño Douce (1997) regarded that the low H2O content of the protolith (tonalite or
granodiorite), together with decreasing H2O solubility with decreasing pressure, explains the
H2O-poor nature of many A-type magmas. Neither high magmatic temperatures nor low
magmatic H2O contents necessitate melt- or H2O-depleted granulitic sources. The relatively
anhydrous nature of many A-type magmas, combined with their high temperatures and the
effects of F on melt polymerisation, mean that these magmas are often shallowly emplaced or
extruded as lavas (Anderson 1983, Whalen et al. 1987). The HAG shows abundant evidence
for a shallow level of emplacement (Creaser 1996, this work), and the GRV was emplaced
both as effusive lavas and ignimbrites (Giles 1988, Ferris 2003, Allen et al. 2003).
9.5.3 Basalt composition (Point 4 above).
Basaltic to andesitic compositions form relatively minor components of the GRHVP (Giles
1988, Blissett et al. 1993, Stewart 1994), although more recent dating has shown that diorite
dykes in the Tarcoola area, and gabbros in the Stuart Shelf, Mt Woods and Ceduna areas are
the same age as the GRHVP (Appendix III). In the Kokatha–Lake Everard area, Stewart
(1994) suggested that the mafic rocks represented different degrees of mixing between two
mantle-derived end-members, one of which may be either OIB- or MORB like, the other
end-member may be derived from an enriched lithospheric source (see Section 9.4.3). Stewart
(1994) suggested that the enrichment of the second end-member occurred during a subduc-
tion event significantly prior to the GRHVP event, to allow time for evolution to low Nd.
9.5.4 Crust-mantle mixing, magma differentiation, and resultant variation
(Points 5-8 above).
In the cases of complex and variable magmatic systems with a broad range of compositions
such as the GRHVP, discussions of differentiation mechanisms are intimately linked to
crust-mantle mixing/mingling processes. Models of the origin and evolution of A-type gran-
ites and associated magmatism can be summarised in three groups, each with two subgroups:
(1) anatectic crustal melts, of (a) granulite i.e. previously melt depleted or otherwise dehy-
drated, and (b) igneous or metaigneous rocks of I-type composition mostly of tonalites and
granodiorites, and rarely of metasediments; (2) mixing of crustal and mafic melts, varying
between (a) minor mixing, generally at a late stage, and (b) complete mixing to form a homo-
geneous parent; and (3) evolution from basaltic compositions, either by (a) partial melting, or
(b) extended fractionation. All A-types granites are associated with basic rocks; the models
applied to the genesis of the granites roughly correlate to the ratio of mafic/felsic magmatism.
For example, models for anorthosite-mangerite-charnockite-granite suites dominated by
mafic compositions are generally regarded as being derived from basaltic compositions (e.g.
Vander Auwera et al. 2003), whereas partial melting of felsic crust is generally preferred for
felsic-dominated suites (Rämö & Haapala 1995, Alviola et al. 1999, Dall’Agnol et al. 1999a).
This difference between source components and A-type composition were also noted by Bar-
nes et al. (2002), who stated that A-type granites dervied from basalts are ferroan and alkalic,
whereas those derived from tonalites are often magnesian and calc-alkalic to alkalic. Further
variations occur in crustal residence time of both mafic and felsic components, and in differ-
entiation mechanism including whether there is a continuous liquid line of descent or not
between mafic and felsic endmembers. Some case studies are summarised according to this
subdivision in Table 9.9.
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Table 9.9. Summary of A-type petrogenetic models, in a six-fold classification.
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Table 9.9. Summary of A-type petrogenetic models, in a six-fold classification.
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Figure 9.16. Sm-Nd isotopic data for the GRHVP. Selected data from Stewart (1994), Stewart & Foden
(2001), Creaser (1986, 1995, 1996), Johnson & McCulloch (1995), unpublished results from Geoscience
Australia. The  Sm/ Nd vs  /Nd/ Nd (top) and 	
  vs 1/Nd (ppm) (middle) plots have been
used to filter out suspect data, e.g. the Malbooma/Kychering samples of Stewart & Foden (2001). The
	
  histogram (bottom) shows a range of values regarded as indicative of mantle-derivation (>0)
and crustal derivation (<0) for the HAG and Lower GRV, but crustal-only for the Upper GRV.
Three models have previously been applied to the GRHVP. All models invoke contempora-
neous basaltic magmatism as a heat source. The studies by Giles (1988) and Creaser (1995,
1996) invoke no mafic input into purely crustal melts, whereas those of Stewart (1994) and
Stewart & Foden (2001) prefer varying assimilation of relatively small amounts of crustal
melts by mantle-derived basalts, with varying fractionation (AFC processes). In the GRHVP,
the study by Stewart (1994) is the only study that sampled a wide range of lithologies and ana-
lysed the variation of Nd isotopes with differentiation. Creaser (1995) used neodymium iso-
topes to suggest that the felsic parts of the GRHVP were derived from partial melting of both
Archaean and Palaeoproterozoic crustal sources similar to those outcropping in the Gawler
Craton (see Section 9.4.2). Stewart & Foden (2001) re-analysed the Charleston Granite, and
could not reproduce the result of Nd = -14, and thus ruled out direct melting of Archaean
sources. Creaser (1995) recorded a range of Nd~1590Ma of -8.8 to -3.6 for some felsic units of
the GRHVP. Other data shows a much wider range of Nd1580Ma of -9.06 to +2.81 for all parts
of the GRHVP (Figure 9.16). Stewart (1994) and Stewart & Foden (2001) interpret the Nd
data to show assimilation-fractional crystallisation between mantle-derived basalts and
crustal-derived felsic melts (see Section 9.4.3). In most cases, individual plutons of the HAG
have not had multiple Nd isotope analyses performed. When viewed spatially, the complete
dataset for all Nd isotope analyses calculated as Nd1580Ma suggests that most GRHVP units
have inherited the Nd signature of the geological province they occur in (Figure AIX.41). This
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Figure 9.17. Projections of 	
 for the major Palaeoproterozoic and Archaean igneous events of the
Gawler Craton, and for the GRHVP units analysed by this work (Kychering, Pegler & Lady Jane). Many
parts of the GRHVP cannot have been derived from equivalent units to those shown. Data as in Appendix
VIII. Note that the Hiltaba Association Granites comprise the entire range of 	
 values of the Gawler
Ranges-Hiltaba volcano-plutonic event (see Figure 9.15). Depleted mantle curve of Goldstein et al.
(1984) i.e. 	
 = -2.2223•Age(Ga) + 10.
argues against different ratios of crust:mantle mixing in the GRHVP, but does not distinguish
between the models of crustal-only (e.g. Giles 1988) or mixed crust-mantle sources (e.g.
Creaser 1989, 1995, 1996, Stewart 1994).
Major and trace element geochemical modelling on the Wirrda Suite (Creaser 1996), and the
Pegler and Kychering Granites (this work) are consistent with fractionation from granodiorite
compositions, but the modelling alone cannot distinguish between a single-component or
multi-component parental magma. In general, curved geochemical trends for the HAG argue
against contemporaneous magma mixing as the process of differentiation of individual units.
It is suggested that most of the Hiltaba Association granites were derived by fractionation
from intermediate parental melts. The Nd isotope array (Figure 9.17) suggests that parental
melt must have formed by partial melting of Palaeoproterozoic or Archaean crust, generally
homogeneously mixed with a more primitive mantle-derived component. The important
exception to this is those limited cases noted by Stewart (1994) of successive volcanic lavas
recording recharged Nd isotope signatures.
In other A-type granite systems, other workers have also noted a wide variety of composi-
tions, and probable sources, within the one area. Anderson & Morrison (1992) noted that the
Mesoproterozoic granites of the North American craton are crustally derived, and they sug-
gested that the range of Nd results from large variations in Sm/Nd in the crustal source, varia-
tions in age of the crust at the time of melting and incorporation of small amounts of
Archaean material. Vander Auwera et al. (2003) show that a large variation in Nd (+1.9 to -
6.51) in the members of the 1.0–0.9 Ga Hornblende-Biotite Granite suite in Baltica can result
either from sources with variable Nd or from assimilation during fractional crystallisation
(AFC process), and that the two processes may have played a role together. Kosunen (1999)
noted differences between the Bodom and Obbnäs rapakivi plutons in southern Finland that
resulted from a potassium feldspar-rich source for the Bodom pluton and a potassium-poor
source for the Obbnäs pluton.
9.5.5 Temperature / pressure of melting (Points 9-12 above).
A felsic magmatic event of this scale requires an enourmous heat input. Creaser & White
(1991) and Creaser (1996) suggested that melting for the GRV took place at ~1000°C at a
depth of ~<30km (~<8 kbar), requiring a crustal geotherm of ~35-40°C.km-1. Experimental
melting of a tonalitic or granodioritic source by Patiño Douce (1997) showed that A-type
melts may be generated by leaving a plagioclase-clinopyroxene dominated residue, and
required very low pressure of melting of ~5 kbar (about 17 km depth). For an amphibolitic
source, increasing the depth of melting causes a melt to become less granitic and more grano-
dioritic, i.e. an increase in the Ab and An component (Singh & Johannes 1996a & b), which
provides additional support for shallow melting, but only in the case of purely crustal melting.
For a temperature of melting of ~1000°C, such a shallow depth of 17km requires a crustal
geotherm of ~60°C.km-1.
Annen & Sparks (2002) modelled temperatures of ~1000°C at depths of ~20km following
the intrusion of 8 km of dry (0.3 wt% H2O) basalt as 50 m thick sills every 100 000 years over a
time interval of 1.6 My, with a low geothermal gradient of 20°C.km-1. Annen & Sparks (2002)
state that the main controls on melt generation are magma intrusion rate, the composition and
water content of the pre-existing crustal rocks, and the temperature and water content of the
intruding basalt magma. Therefore, basalt intrusion may be a viable heating mechanism for
the GRHVP, especially given the likelihood that some, if not all, parts of the GRHVP were
generated by basalt-crustal melt mixing (Stewart & Foden 2001).
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9.5.6 Tectonothermal models
A shallow depth of crustal melting requires a high geothermal gradient, which in general can
be caused by crustal thinning, upwelling mantle asthenosphere, radiogenic heating, or a com-
bination of these. Possible mechanisms for the first two include passive or active rifting, deep
mantle plumes, extensional collapse of a previous orogen, mantle superswells under a super-
continent, and melting of a subcontinental mantle owing to instabilities related to distant sub-
duction zones on the flanks of accretionally growing continents.
In general, it is thought that A-type magmatism occurs in non-compressive geological settings
at the end of an orogenic cycle (post-orogenic or post-collisional granitoids), in continental
rift zones or in oceanic basins (Vander Auwera 2003). Additional heat may come from radio-
genic decay from earlier-emplaced granites (e.g. Gerdes et al. 2000, Wyborn 2001, McLaren et
al. 2003).
Any tectonothermal model for the GRHVP event must encompass the following:
1. Crust-mantle mixing is evidenced by Nd isotopes (Figure 9.17). Although the
GRHVP encompasses a broad compositional spectrum of SiO2 values between
~50–80 wt%, there is not a single liquid line of descent from basalts to granites.
There are no recognised areas of lower-temperature magma mingling, suggested that
thorough mixing occurred between mafic and felsic melts;
2. Very high temperature over a relatively large area for ~25 My, but may be
intermittent and localised over this timeframe;
3. Shallow-melting, requires a high geotherm and/or radiogenic heating;
4. Granite compositions rule out volcanic-arc magmatism, HT–LP rule out continent-
continent collision, high felsic:mafic ratio precludes a CFB setting, and A-type
compositions possibly preclude a SLIP setting;
5. There may be a spatial and/or temporal polarity in granite composition, which may
require a moving locus of melting, or crustal heterogeneities including fusability and
fertility resulting in different melting rates and products.
Stewart (1994) proposed a setting above a mantle plume, and inferred that the gravity high
beneath the Gawler Ranges and extending towards Streaky Bay was a remnant mafic
underplate.
Haapala et al. (2005) present a model for the development of the 1.67–1.47 Ga rapakivi gran-
ites of Finland and vicinity that includes magmatic underplating and crustal anatexis in an
extensional tectonic environment. This is a two stage model, whereby mafic rocks are deriva-
tives of mantle magmas that evolved through variable crustal assimilation, local hybridisation,
and fractional crystallisation, and the felsic rocks are essentially crust-derived, but probably
have a mantle component, evolving through minor assimilation, hybridisation, and fractional
crystallisation (Haapala et al. 2005). This simple model explains the origin of the rapakivi gran-
ite magmas, bimodal character of the magmatism, thinning of the lower crust, and extensional
setting, but does not explain the reason for the partial melting of the mantle (Haapala et al.
2005). Haapala et al. (2005) suggest that possible mechanisms include passive or active rifting,
deep mantle plumes, extensional collapse of the Palaeoproterozoic orogen, mantle super-
swells under a Palaeoproterozoic supercontinent, and melting of a subcontinental mantle
owing to instabilities related to distant subduction zones on the flanks of accretionally grow-
ing continents. Puura & Flodén (1999) concluded that 1.65–1.54 Ga rapakivi granites occur
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where the Finnish crust is [now] thinnest, in areally and temporally distinct subdomains.
Rapakivi magmatism started in juvenile crust which was in a late stage of erosional thinning,
150–300 Ma after the period of maximum crustal thickening (the Svecofennian subduction
event at 1.93–1.87 Ga). Extensive rapakivi igneous activity substantially thinned and stabilised
the overthickened portions of the Svecofennian crust (Purra & Flodén 1999). The initiation
of the [unspecified] processes which resulted in the largest diapiric rise of mantle-derived
magma under and into the crust, and the intrusion of both mantle- and crust-derived magmas
into the shallow crust and onto the surface, was correlated with the deepest roots of the oro-
gen (Purra & Flodén 1999). Åhäll et al. (2000) suggest that episodic intracratonic rapakivi mag-
matism in the Baltic Shield can be correlated to distal (>500 km west of the granites)
convergent-margin orogenesis at 1.69–1.50 Ga. The temporal and spatial links indicate that
recurring subduction along oceanward-stepping zones provided first-order control(s) on epi-
sodic mantle melting and consequent bimodal rapakivi magmatism in distal, inboard settings
(Åhäll et al. 2000). These authors present a ‘hybrid synorogenic response model’: rapakivi
suites are the result of melt generation in the lower lithosphere caused by decompressional
melting with ascent possibly guided by relict features of the earlier Svecofennian arc-
accretionary event (Åhäll et al. 2000). In addition to the overthickenned lithosphere attempt-
ing to regain isostatic equilibrium, other necessary factors include: unique mantle conditions
beneath the large immature crustal terrane of the Svecofennian Domain; the highly variable
thickness of the crust; and/or localised unstable mantle conditions beneath the late Palaeo-
proterozoic supercontinent that included Baltica (Åhäll et al. 2000).
Karlstrom et al. (2001) present the AUSWUS reconstruction, that places Australia and Baltica
at the western and eastern ends of Laurentia during a 1.8–1.0 Ga convergent margin. This
hypothesis envisions an episodic southward accretional growth of Cordilleran-type orogens
related to oceanward-migrating subduction in all three continents (Karlstrom et al. 2001). This
proposed margin was similar in scale to the modern Cordilleran system of North and South
America (Karlstrom et al. 2001). Widespread bimodal A-type magmatism and related defor-
mation in all three cratons are interpreted to be diachronous inboard of the convergent mar-
gin tectonism (Karlstrom et al. 2001). These events probably involved basaltic underplating
and crustal differentiation, which resulted in further stabilisation of new continental litho-
sphere (Karlstrom et al. 2001).
Detailed data to constrain the tectonothermal history of the Gawler Craton is lacking in com-
parison to the Baltic Shield area. Two studies are of direct interest to the tectonism of the
GRHVP event. McLean & Betts (2003) used geophysical modelling in the area of the Yerda,
Yarlbrinda, Oolabinnia and Coorabie Shear Zones, to interpret a synmagmatic dextral strike-
slip movement that facilitated the ascent of Hiltaba Suite granite intrusions into the upper
crust. McLean & Betts (2003) suggested that these intrusions have a tabular geometry and are
less than 6 km thick. Drummond et al. (in press.) reported on deep seismic reflection profiling
in the Olympic Dam area. The seismic shows Neoproterozoic cover up to 5 km thick overly-
ing crystalline basement with the Moho at depths of ~40-42 km (Drummond et al. in press.).
The Oympic Dam deposit lies on the boundary between two regions of distinct seismic
reflect character, one interpreted as the Archaean-Palaeoproterozoic core to the craton, the
other as a Meso-Neoproterozoic mobile belt (Drummond et al. in press.). The Olympic Dam
Granite is situated above a zone of reduced impedance-contrast in the lower crust, interpreted
to be the source regions for its ~1000°C magma (Drummond et al. in press.). Drummond et al.
(in press.) interpret that the crystalline basement is dominated by thrusts, and hence represents
a convergent orogenic setting. Drummond et al. (in press.) discuss four heat-source models: (1)
introduction of a specific heat-source into the lower crust through underplating by mafic
melts from the mantle; (2) heat from a mantle-plume; (3) extension and thinning of the litho-
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sphere with steepening and elevation of the geothermal gradient; and (4) decay of radioactive
nuclei in the lower crust. The authors reject model (1) on the basis if the underplate was exten-
sive then some evidence of sub-horizontal reflections younger than the thrusts interpreted
throughout the lower crust should be preserved, but no such overprinting is observed. Model
(2) is reject for the same reasons as model (1), and also because mafic magmas are much less
abundant than felsic magmas (Drummond et al. in press.). Model (3) is rejected for a number of
reasons, including because the seismic data do not contain any evidence of crustal extension
related to the formation of the Hiltaba granites, and rather is interpreted to imply net shorten-
ing throughout the period 2.5 Ga to 1.59 Ga (Drummond et al. in press.). Drummond et al. (in
press.) did not consider response to crustal overthickening, lithosphere delamination.
A modelling study of crustal scale convection and partial melting beneath the Altiplano–Puna
Plateau by Babeyko et al. (2002) is quite relevant in discussing the seismic interpretation of
Drummond et al. (in press). The Neogene dacitic ignimbrites of the Altiplano–Puna Volcanic
Complex (APVC) are well-mixed hybrids of crustal melts and mafic arc magma (andesites),
with pre-eruptive temperatures of 700–800°C (Babeyko et al. 2002). Babeyko et al. (2002)
show that the middle crust actually becomes colder with time during shortening, because
shortening produces a net downward movement of colder material and this effect over-
whelms the heat produced from internal sources. Further, neither shear heating due to defor-
mation, nor intrusion of 30km3/Myr/km of andesitic arc magma at 1200°C, in addition to
radiogenic heating, are able to cause widespread partial melting in the mid-crust of the Alti-
plano–Puna plateau within the time constraints, parameter values and model scenarios con-
sidered (Babeyko et al. 2002). The preferred mechanism for achieving high temperatures and
partial melting in the mid-crust of the Central Andes is an increased mantle heat flow com-
bined with heat advection into the mid-crust caused by bulk convection of hot, partially mol-
ten lower crustal material and augmented by intrusion of the segregated melt (Babeyko et al.
2002). The convection models predict a top of the high-temperature zone at about 20 km
depth, a range of temperatures reaching 800°C and a spatial heterogenity of temperature and
surface heat flow. Such convection is possible when the middle and lower crust are mechani-
cally weak (quartz dominated rheology), the basal heat flow from the mantle is high (>60
mW/m2), and tectonic shortening is active. ANCORP’96 (2003) interpret a low-velocity zone
in seismic reflection profile at 15–30 km depth beneath the Neogene dacitic ignimbrites as
evidence of widespread partial melting of the plateau crust causing decoupling of the upper
and lower crust during contemporaneous shortening and plateau growth. While the APVC is
not exactly analogous to the GRHVP, the occurence of crustal melting with mafic magma
intrusion being observed as a seismic bland zone (i.e. no subhorizontal reflectors seen) is con-
trary to the interpretation of the Olympic Domain seismic of Drummond et al. (in press). Fur-
ther, the numerical modelling by Babeyko et al. (2002) showed that heating by radiogenic
nuclei alone during crustal shortening (the prefered model of Drummond et al. (in press) was
not able to reach temperatures of ~800°C, let alone the required >1000°C for the Olympic
Dam Granite (Creaser 1996).
Drummond et al. (in press) reject the possibility of many of the models of A-type magma gen-
eration applied to the Baltic Shield becuase of the lack of observed subhorizontal reflectors in
the lower crust, and the conclusion of predominant shortening . However, those authors
admit that minor extension may be below the resolution of the seismic data. Also, by analogy
with the APVC, intruded mafic magmas do not necessarily result in subhorizontal reflectors.
The conclusion reached here is that the GRHVP formed as a result of mafic intrusion into the
lower to mid crust, causing crustal anatexis. Some mixing occurred between mafic and felsic
magmas, but is not observed as magma mingling in surface outcrop. The cause and exact set-
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ting of the melting in unknown, but is probably related to normal plate tectonic processes (e.g.
delamination (Kay & Kay 1993)) rather than a deep mantle plume, as no mafic rocks with con-
temporaneous primitive mantle Nd signature are observed. Radiogenic heating, either in an
anorogenic or crustal shortening setting, is unlikely as the sole source of heat.
9.6 CONCLUSION: PETROGENESIS OF THE GRHVP ASSOCIATION
The broad range in compositions of the GRHVP, including basalts through to aplites, and
their neodymium isotopic signatures (Creaser 1995, Johnson & McCulloch 1995, Stewart &
Foden 2001) requires evolution with variable mixing from both mantle-derived basalts and
crustal-derived felsic magmas. Generation of the felsic granites and volcanics by fractionation
from basaltic compositions alone is not feasible as it would require huge volumes of mafic
residue in the generation of the volume of felsic rocks observed, but there is no good evidence
for such large volumes of mafic material being preserved. Further, trace element modelling
suggests that basalts or andesites are not suitable sources for the granites. The volumetric
dominance of felsic lithologies also rules out low-temperature minimum melting of felsic
material as the sole generation processes for the whole of the GRHVP, as it would not be able
to produce the mafic to intermediate lithologies observed. Identifying the relative propor-
tions of mafic and felsic magma with certainty is not possible. This is a common finding for
many large igneous events, including continental flood basalts/large igneous provinces (Cox
1988, Piccirillo et al. 1988, Bryan et al. 2002, Ewart et al. 2004, Ernst et al. 2005), and extensive
areas of Proterozoic A-type granites (Andersson 1991, Haapala & Rämö 1992, Rämö & Haa-
pala 1995, Peterson et al. 2002, Barnes et al. 2002, Vander Auwera 2003, Vigneresse 2005).
The felsic volcanics and granites can be classified as I-, A- or C-type, although all were
emplaced at a shallow level and a high temperature, and have high K2O, K2O/Na2O, Rb,
moderate to high HFSE and F, and low MgO, CaO, Al2O3, Sr and Ba. They are Sr-depleted Y-
undepleted, and a garnet-free plagioclase-bearing melt residue is indicated. Neodymium iso-
tope data of some of the ‘developmental phase’ volcanic felsic units indicate periodic basaltic
magma chamber recharge during eruption, and differentiated by an assimilation-fractional
crystallisation mechanism (Stewart 1994). Geochemical modelling of Hiltaba Association
Granites are consistent with fractionation from a quartz latite (Wirrda Suite, Creaser 1995,
1996) or granodiorite (Pegler and Kychering Granites, this work) parental magma. Creaser
(1995, 1996) regards the Wirrda Suite parental magma to have been entirely derived from par-
tial melting of Palaeoproterozoic crust, although mixing of basalt+crust magmas followed by
homogenisation was not ruled out. Although Pb isotope data for the Pegler and Kychering
Granites indicate a crustal source, Nd isotope evolution lines plot above those of Gawler Cra-
ton Archaean and Palaeoproterozoic lines (Figure 9.17), necessitating addition of a more
primitive component. Extreme differentiation from basalts is ruled out for the GRHVP as a
whole, as there is no single liquid line of descent evident.
As pointed out above, felsic parts of the GRHVP are variable, being I-, A- or C-types. For
example, the Wirrda Suite granites show rapakivi textures, as well as A-type geochemical char-
acteristics (Creaser 1993), whereas the granites in the Tarcoola region lack both the rapakivi
textures and A-type chemistry, and are better classified as fractionated I-type granites. The
GRHVP is therefore subdivided into the Roxby, Venus, Jenners and Malbooma Supersuites
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(Chapter 7, and above). Such variation in granite associations that include A-type composi-
tions has been noted by other workers, for example, Whalen et al. (1987) state that individual
A-type granite suites exhibit considerable variation in chemical composition, and grade
towards I- and S-type granite compositions. However, the questions arise whether A-type
granites differ sufficiently from I-type granites to warrant separate classification, and more
importantly, what do the apparent differences tell us about the tectonothermal conditions of
magma generation and emplacement? Creaser et al. (1991) note that A-type granites such as
those described by Collins et al. (1982) satisfy the mineralogical and geochemical requirements
of I-type granites, albeit with some geochemical and mineralogical variations of secondary
importance. If A-type granites are derived by partial melting of crustal igneous rocks of
tonalitic to granodioritic composition, no separate term is required to describe them: they are
simply an extension of the spectrum of compositions that can be derived from igneous
sources (Creaser et al. 1991). King et al. (1997, 2001) argue that ‘aluminous A-type’ granites are
petrogenetically different from I-type granites, but that distinguishing evolved A-type granites
from fractionated I-type granites may be difficult or impossible. A-type occurrences vary in
(a) different source compositions i.e. crust:mantle ratios (Table 9.9), (b) different melting con-
ditions, including T, P, H2O, halides, and (c) different emplacement conditions, e.g. as sug-
gested by King et al. (2001) and Poitrasson et al. (1995a), or a combination of these reasons. It
should not be surprising that large, high-temperature events spawn a variety of igneous com-
positions, as has occurred in the GRHVP. The distinction of different petrogenetic origins of
individual units may be of use for understanding palaeotectonics, and metallogenesis. How-
ever, it is a difficult task, because the differences outlined above that gave rise to the various
end products mean that petrological modelling leans heavily on assumptions.
Mapping out the geochemical, geochronological, isotopic and modelled zircon saturation
temperatures reveals possible correlations between magma type (A- or I-type), temperature
and Nd1580Ma values. The Roxby Supersuite has A-type compositions, high zircon saturation
temperatures, very low Nd1580Ma, and generally these units are the first of the GRHVP event.
The three other supersuites are generally younger, have lower zircon saturation temperatures,
and less negative Nd1580Ma values. The Venus Supersuite may be transitional between the A-
type and I-type magmas. Neodymium isotope data for units older than the GRHVP suggest
that the GRHVP may have inherited its Nd isotope signature from pre-existing crust:
Nd1580Ma of the GRHVP is relatively consistent within each geological Domain (Figure 7.8).
The correlation between temperature, crustal composition and resultant magma type suggests
that source composition was an important control on magma composition, however it is
complicated by the apparent age progression. Specifically, the Roxby Supersuite may have
been derived by partial melting of Archaean crust (along with basalt mixing), which may have
required a higher melting temperature.
It is proposed that the differences in composition seen both within the Hiltaba Association
Granitoids and the comagmatic Gawler Range Volcanics are the result of crustal heterogenei-
ties, different melting temperatures, and variations in composition and degree of interaction
with mafic magmas. Differences in the rate of emplacement can also control the final gran-
ite/volcanic composition. A distal, back-arc setting may be appropriate (e.g. Åhäll et al. 2002),
and the Gawler Craton may have been part of the broader Laurentia-Baltica supercontinent
(AUSWUS reconstruction of Karlstrom et al. 2001). The metallogenic implications of this are
discussed in Chapter 18.
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9.7 FURTHER WORK
Although it is possible to map out geochemical, isotopic and possibly temporal variations
within the GRHVP, correlating these variations to source or evolutionary parameters remains
largely speculative. Two of the questions largely unanswered are: what was the crust:mantle
ratio, and what was the tectonic setting? There are several ways to further test these problems,
some of which involve methods or which haven’t yet been used on the GRHVP, others
involve refining and adding to existing datasets. They are outlined below.
9.7.1 Crust:mantle mixing
A neodymium isotope array (Figure 9.17) is strongly suggestive that an origin from melting of
Archaean and Palaeoproterozoic crust is not possible as the Nd isotope signature of the felsic
units of the GRHVP are not as evolved as of the pre-existing crust. Therefore the question is
not really whether crust:mantle mixing occurred, but to what extent, when and where the mix-
ing components derived, and at what stage the mixing occurred. Some specific questions, and
their tests are:
1. Are the anorthosites part of the GRHVP system? Several samples of anorthosite and
diorite were collected during field sampling in the Tarcoola region (Section 6.26). A-
type granites from elsewhere in the world are often association with anorthosites,
mangerites and charnockites (the AMCG association, e.g. Rämö & Haapala 1995,
Vander Auwera et al. 2003). Stewart & Foden (2001) have previously suggested the
possibility that such rocks may be associated with the GRHVP. A thorough
investigation of these cumulates, including dating, whole-rock and isotope
chemistry, and field and geophysical mapping, is needed to investigate the possible
relationship. Dating would probably best be done by the Sm-Nd mineral-whole rock
isochron method, as the anorthosites have very low Zr. The diorites may contain
zircon, and should be dated by the U-Pb SHRIMP zircon method, but the diorites
may not correlate with the anorthosites. A positive association between the
anorthosites and the GRHVP on the basis of age and Nd isotopes would lend weight
to the arguement of Stewart (1994) and Stewart & Foden (2001) that extensive
mantle-crust interaction occurred in the formation of the felsic parts of the GRHVP.
In such a model, fractionation from an intermediate parent melt would produce
substantial volume of residual material with the mineralogy approximating
anorthosites. Note that the residual mineralogy from this model differs from that of
Creaser (1996).
2. Discriminating between crustal or mantle parentage for individual units mostly
involves gathering more data. Creaser (1995), Stewart (1994) and Stewart & Foden
(2001) present some isotopic data for parts of the GRHVP. However, some of the
data is suspect. Also, many of the units analysed have not been reliably dated, and as
this work found, it is not always possible to distinguish granites of the Hiltaba
Association from older granites by chemistry or Nd isotopes alone. Combined
SHRIMP, Nd and Pb isotope analyses for a wider variety of granites and volcanics
would improve the understanding of the variability of the GRHVP, and allow the
testing of source variability (e.g. mapping of initial U and Th isotopic contents of
sources, providing better constraints on the use of the Nd parameter). In particular,
multiple analyses need to be carried out on a range of individual units to test for
isotopic heterogeneity that may replicate the finding of Stewart (1994) for her
developmental phase volcanics that have Nd isotopic ratios that vary with indicies of
differentiation. The Hf isotopic composition of zircon may have the potential to
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provide information about comparative crust:mantle ratios for the Hiltaba
Association Granitoids (e.g. Amelin et al. 1999, Condie et al. 2005), as may the Hf-Y
contents (Pupin 2000). This same sort of work needs to be also done in more detail
for units older than the GRHVP, to assist in determining whether to what extent the
GRHVP has inherited its isotopic signature from the different crustal domains that it
occurs in.
9.7.2 Tectonic setting
Although much of the information needed for reconstruction of the crustal history of the
Gawler Craton can not be gained directly from the GRHVP (e.g. seismic, structural data, prior
P-T-t paths), some information can be gained from the GRHVP:
1. Although there is a huge number of geochemical analyses completed, much is not of
high quality, or is incomplete. A more complete database should allow the
distinction between different age granite supersuites, and better mapping of the
variances within the HAG/GRV. This not only requires better analytical methods,
but also better sampling, including the sampling of all phases of granite evident,
rather than ‘representative’ sampling. Understanding the age/chemical distribution
of the GRHVP may assist in identifying any polarity in the development of the
granites. For example, the distribution of old, then young granites, may parallel a
seaward stepping of distal subduction.
2. Mineral chemistry may be able to show different intensive parameters for the HAG
plutons. This is often difficult to do for old granites (e.g. Creaser & White 1991,
Creaser 1996), however, applicable methods may include the Al-hornblende
geobarometer (Hammarstrom & Zen 1986, Schmidt 1992), apatite trace element
composition which correlates La/Ce composition to bulk rock alkalinity, oxidation
state and aluminosity (Belousova et al. 2001), and zircon trace element composition
(Belousova et al. 2002). All of these methods may assist in deciphering whether
variations in source, or melting and emplacement conditions, were important in
giving each of the HAG plutons its’ character. This information in turn can then be
used in assisting to map out the pre-GRHVP make up of the Gawler Craton.
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10.1 INTRODUCTION
The Tarcoola Goldfield is in central South Australia, at the intersection of the Perth-Adelaide
and Darwin-Adelaide railways. Mineralisation occurs in structures crosscutting the Palaeo-
proterozoic Paxton Granite overlain by the Tarcoola Formation (Figure 10.3). The Lady Jane
Diorite also crosscuts the previous lithologies, and is consanguineous with mineralisation.
Alluvial gold was found at Brown Hill in 1893, and at the east end of Tarcoola Hill, and led to
the discovery in 1900 of rich gold-bearing vein quartz later named Fabian reef (Daly et al.
1990, Figures 10.3 & 10.4). Gold production commenced in 1901, and 1904 saw the peak of
the gold rush (Daly et al. 1990). By its closure in 1918 the Tarcoola Blocks mine had produced
1779 kg of gold at an average grade of 42.8 g/t Au (Daly et al. 1990). Figure 10.4 of the Tar-
coola Blocks mining area shows the shafts and underlays used to access the underground
reefs to a depth of over 100 m (Daly et al. 1990).
Other workings in the Goldfield in these early days included the Curdnatta mine, which was
the largest producer of gold from within the granite, the White Hope mine 700 m NW of the
Tarcoola Blocks mine, and the Government mine (Figure 10.3). Each of these mines pro-
duced <60 kg of gold, but at grades of 30 g/t Au or higher (Daly et al. 1990). Production from
the Goldfield since has been sporadic and mostly small scale. In the late 1980s, mining of the
Fabian and other reefs of the Tarcoola Blocks mine produced 1975 t of lode material but with
erratic gold grades mostly below 30 g/t Au (Daly et al. 1990). Total production from the Gold-
field has been about 2125 kg at an average grade of 37.5 g/t Au (Hughes 1998).
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Chapter 10: The Tarcoola Goldfield
Figure 10.1 Part of the Tarcoola Blocks mining area, view looking north from near the railway on the
southern side of the Tarcoola Ridge. Main Shaft visible on left.
Drilling by Grenfell Resources (now Gravity Capital) in the late 1990s defined a combined
Measured, Indicated and Inferred Resource of 1.545 Mt at 1.8 g/t Au for a global total of 2525
kg Au at the Perseverance and subsidiary Last Resource and Wondergraph deposits (Hughes
1998, Figure 10.5). Mineralisation at Perseverance and Last Resource is largely concentrated
in broad NE and NW trending conjugate fracture zones (Isle et al. 1996, Hughes 1998). More
recent exploration by Anglogold (Kneeshaw 2003) in Joint Venture with Gravity Capital
shows that these structures and E-W striking reverse faults parallel to the strike of the sedi-
ments (Daly et al. 1990) have localised mineralisation throughout the Goldfield (Figure 10.3
and Chapter 11). The Anglogold exploration also targetted various replacement-style mineral-
ised positions (e.g. replacement of limestone at the base of the Tarcoola Formation), but
failed to find any significant intersections.
10.2 PREVIOUS STUDIES
Daly et al. (1990) summarised previous investigations of the Goldfield by miners and govern-
ment geologists, as well as mapping by Daly (e.g. Daly 1985), fluid inclusion studies (Bone et
al. 1988) and Pb-Pb isotope systematics (Fanning 1988). Hein (1989) and Hein et al. (1994)
studied the genesis of mineralisation at the Goldfield.
The nature of the granite-sediment contact in the Tarcoola Goldfield has been the focus of
some controversy. Hein (1989), Hein et al. (1994), Isles et al. (1996) and Hughes (1998)
favoured an interpretation whereby the granites predated the Tarcoola Formation, based on
the interpretation that the granite-sediment contact exposed in several costeans is uncon-
formable (i.e. the sediments were deposited on a weathered granite surface). Daly et al. (1990)
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Figure 10.2. The north side of the Tarcoola Ridge, taken from the base of Brown Hill. The Perseverance
deposit is in the area near the rightmost track visible, below and right of the sizeable mullock dumps.
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Figure 10.3. The Tarcoola Goldfield, showing distribution of lithologies, major structures and workings.
Based on mapping by Daly et al. (1990), Hein (1989) and Kneeshaw (2003).
reported that the “Hiltaba Suite, Tarcoola Formation and quartz reefs are intruded by late
stage dacite and andesite dykes", and concluded that the “Hiltaba Suite” and the late stage
volcanic dykes were comagmatic with the Gawler Range Volcanics.
Dating of sericites from altered granite samples by the  Ar/Ar method return ages approxi-
mately the same as unaltered hornblende from a sample of the Lady Jane Diorite (Chapter 3).
This dating provides a minimum age of ~1580 Ma for hydrothermal alteration and dyke intru-
sion, which is within the age bracket accepted for the craton-wide Gawler Range-Hiltaba
Volcano-Plutonic (GRHVP) event (e.g. Johnson & Cross 1995). The Lady Jane Diorite is
grouped with the Hiltaba Association as an intermediate-composition member (Chapter 3).
However, a Hiltaba-aged felsic component intruding the Tarcoola Goldfield cannot be ruled
out (see Chapter 14). Daly et al. (1990) and Hein et al. (1994) note felsic dykes crosscutting the
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Figure 10.4. The Tarcoola Blocks mining area (Daly et al. 1990).
Figure 10.5 (opposite): The Perseverance, Last Resource and Tarcoola Blocks areas, showing diamond
holes studied.
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Tarcoola Formation. No such felsic dykes were seen in this study, however this study did not
have access to the workings of the Tarcoola Blocks mining area.
Fanning (1997) obtained a SHRIMP age on zircon from a sericitised granitic dyke of 1578 ± 7
Ma. Fanning (1990) obtained a conventional U-Pb age for zircon from two tuffaceous units
of the upper Tarcoola Formation of 1656 ± 7 Ma. More recent SHRIMP zircon dating by
both the author and Fanning (pers. comm.) yield an intrusive age for the dominant monzogran-
ite phase of the Paxton Granite of between 1709 – 1720 Ma (Chapter 2). On the basis of the
newer dating work, and on observation of the granite-sediment contact in several drill cores,
an unconformable relationship is accepted as correct by this author.
Hein (1989) concluded that  S ‰ values on pyrite, sphalerite and galena, ranging from 3.4
to 13.6 (average 7.3) were derived from seawater. Hayes et al. (1992) reported  S ‰ values
for pyrites from the Tarcoola Formation of 17.6 to 37.8. The genetic model of Hein (1989)
involved the inorganic reduction of sulfate when seawater percolated through and reacted
with the sedimentary pile under elevated temperatures. Alternatively, the reduction of sulfate
may have occurred by the mixing of magmatic sulfur with isotopically heavier sulfur from the
Tarcoola Formation (Hein 1989).
10.3 OUTLINE OF THIS STUDY
Prior to the SHRIMP dating of this study, geochronology and Pb-Pb isotope work suggested
that mineralisation at Tarcoola was related to the intrusion of Hiltaba Association granites
(Daly et al. 1990). Hiltaba Association granites are found throughout much of the Gawler Cra-
ton, and are spatially, and in some cases temporally, associated with a variety of mineralisation
(Budd et al. 1998, Roache & Fanning 1994, Johnson & Cross 1995, Budd & Fraser 2004,
Fraser et al. submitted). This studied aimed to test the apparent relationship between granites
and mineralisation at Tarcoola, and a variety of methods were chosen to do this, which are
outlined below.
In Chapter 11, the structure of the Goldfield and mineralisation are examined. Previous
authors had determined the structural framework, and as summarised by Hughes (1998)
found that most gold ore is structurally controlled. This study looked at the relationship
between brittle deformation, alteration and mineralisation.
Drilling at Perseverance (Hughes 1998) found styles of mineralisation not previously seen at
the Tarcoola Blocks mining area. Chapter 12 looks at the various styles of mineralisation seen
at Perseverance as well as elsewhere in the Goldfield. It was found that a brittle, NE and NW
oriented near-vertical structure set is the main focus for mineralisation, with some control by
host rock composition. Gold, lead and zinc are moderately well coupled in the Perseverance
deposit.
The coarse-grained HBL-BT monzogranite phase is the volumetrically dominant phase of the
Paxton Granite, and was found to be very uniform, and therefore provided a good baseline to
study the progression of alteration and resultant mineralisation (Chapter 13).
Because of the apparent conflict in age between different samples of granite from the Tar-
coola Goldfield (~1715 Ma versus 1578 ± 7 Ma – Chapter 2), LA-ICPMS analyses were con-
ducted on the zircon sample from which Fanning obtained an age of 1578 ± 7 Ma, as well as
one Hiltaba-aged sample from the Tarcoola region (Kychering Granite), and one sample of
the Paxton Granite (Chapter 14). Although there is an obvious difference between the ~1580
Ma Tarcoola sample and the Kychering and Paxton Granite samples, no conclusion can be
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drawn from this work as to whether the ~1580 Ma age zircon at Tarcoola has a magmatic or
hydrothermal origin.
In addition to the SHRIMP geochronology of the Paxton Granite (Chapter 2),  Ar/Ar dat-
ing of sericite from alteration, and primary hornblende from a sample of Lady Jane Diorite,
was done (Chapter 15). The simplest interpretation of these dates is that mineralisation
occurred synchronously with intrusion of the diorite dykes at ~1580 Ma (Budd & Fraser
2004). It is considered that this dating is robust, even in the case of minor felsic intrusion at
1587 ± 7 Ma as suggested by Fanning (1997).
Several samples from the Perseverance deposit were taken for fluid inclusion analysis (Chap-
ter 16). This work largely confirms the results of Hein (1989) and Hein et al. (1994) on the Tar-
coola Blocks mine that the hydrothermal fluid was moderate temperature (~260°C), low
salinity (~0-5 wt% NaCl.), and variably CO bearing. This study also confirmed the presence
of ~3 mol% CH  in some of the carbonic inclusions.
The Pb-Pb isotope work of Fanning (1988) was repeated on a set of galena samples from Per-
severance and KFS from three granites including the Paxton monzogranite (Chapter 17). The
work was repeated to take advantage of more advanced analytical methods, and because sev-
eral of the samples selected had constraints provided by either SHRIMP (in the case of KFS)
or  Ar/Ar on sericites thought to be the same age as galena. This work provides a maxi-
mum age of mineralisation of ~1645 Ma, and suggests that the mineralising fluids were in iso-
topic equilibrium with the Paxton Granite. The Lady Jane Diorite was not able to be tested,
however. Chapter 17 also discusses Sm-Nd isotope results that suggest that the hydrothermal
fluid is largely in equilibrium with the Paxton Granite, but that there is a shift in the most
sulfide-rich samples towards higher 	 values possibly caused by contributions of Nd from
the Lady Jane Diorite.
This work has shown that mineralisation at the Tarcoola Goldfield is unlikely to be a result of
proximal intrusion of Hiltaba Association felsic granites, in the style of intrusion-related gold.
However, the spatial relationship of Hiltaba Association granites with gold mineralisation in
the Central Gawler Gold Province suggests that the HAG may have played some sort of role
in mineralisation, for example, in providing heat to generate hydrothermal cells. Also, veining,
alteration, mineralisation and intrusion dykes of the Lady Jane Diorite occurred concurrently
at ~1580 Ma, during the Craton-wide Gawler Range-Hiltaba Volcano-Plutonic (GRHVP)
event. Neodymium isotopes are permissive of an input of Nd and possibly other elements
into the ore system from the Lady Jane Diorite, but are not conclusive. Fluid inclusions are
similar to those of lode-gold deposits. The exact involvement of the Lady Jane Diorite in
forming mineralisation is unknown: similar dykes are found at most of the other known
deposits of the Central Gawler Gold Province, and it is thought that such mafic GRHVP
magmas are important as either heat, fluid or material sources.
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11.1 INTRODUCTION
Two of the lithological packages at the Tarcoola Goldfield have been previously described:
the Paxton Granite (Chapter 2) and the Lady Jane Diorite (Chapter 3). This chapter describes
the Tarcoola Formation, and also focusses on the distribution of the lithologies, and struc-
tural geology.
Drill core from the Tarcoola Goldfield was observed on two occasions by the author. In
August–September 2000, core from Perseverance was logged and sampled mostly for intru-
sive petrology, geochemistry, metallogenesis and geochronology, with the aid and supervision
of Dr Phil Blevin. In October–November 2002, core from Perseverance was re-logged, and
further sampled with more emphasis on sampling the Tarcoola Formation. At this stage,
Anglogold were completing their drilling, allowing samples to be taken from other parts of
the goldfield.
No mapping was undertaken, as several authors had previously adequately mapped the gold-
field. Unfortunately, no access to the underground workings was possible.
11.2 GEOLOGICAL SETTING
In general terms, the geology of the Tarcoola Goldfield comprises the basal Paxton Granite,
which was overlain by the fluviatile and marine Tarcoola Formation. These units were then
intruded by dykes of the Lady Jane Diorite, and mineralisation also occurred at this time and
was focussed in faults and veins.
The most prominent feature at the Tarcoola Goldfield is the east-west trending ‘Tarcoola Hill
ridge’ (Figures 10.1 & 10.2). This follows the strike of the resistant quartzites of the Fabian
Quartzite Member. Several horizons of the Fabian Quartzite Member and some of the overly-
ing Sullivan Shale Member outcrop on the southern side of this ridge, and show that the sedi-
ments face southwards, and dip southwards at approximately 30° (Figures 10.3 & 11.1).
Intersections of the Paxton Granite/Tarcoola Formation contact (Figure 11.2) show that the
units of the basal Peela Conglomerate Member were emplaced on freshly exposed granite.
The contact is relatively regular over a strike length of 10 km. The Peela Conglomerate Mem-
ber is dominantly a fluviatile sediment, therefore the depositional environment is probably
continental, and this unit marks the onset of basinal subsidence. The Paxton Granite was
emplaced at moderate to shallow levels in the crust (Chapter 2) at about 1720 Ma, and the
upper part of the Tarcoola Formation was deposited at ~1655 Ma (Fanning 1990). This gives
an age difference of ~60 Ma in which uplift and erosion, and then subsidence, occurred. The
Symons Granite, 80 km NW of Tarcoola, was emplaced at 1684 ± 10 Ma (Fanning 1997), and
the Wynbring Rocks pluton 100 km WNW of Tarcoola, is dated at 1691 ± 10 Ma (Teasdale
1997).
The depositional environments of the Tarcoola Formation are described below. The maxi-
mum metamorphic conditions recorded by rocks of the Tarcoola Formation are no higher
than lower greenschist facies, indicating that the basinal sediments were not deeply buried.
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Figure 11.1. Schematic cross-section of the Tarcoola Goldfield, demonstrating unconformable contact of
Tarcoola Formation over Paxton Granite, Tarcoola Formation stratigraphy, and cross cutting dykes and
sills of the Lady Jane Diorite. The Tarcoola Ridge is the southern limb of a broad anticline, which has
been truncated by a thrust between the Tarcoola Ridge and Browns Hill.
11.3 THE TARCOOLA FORMATION
The Tarcoola Formation has been divided into three members (Daly 1985). Drilling by
Anglogold during the period 2000–2002 has allowed the erection of a more detailed stratigra-
phy specific to the Tarcoola Goldfield than has previously been available (Figure 11.3). It is
beyond the scope of this study to redefine the Tarcoola Formation, and the logging of the
sediments in drill core was fairly rudimentary. The Anglogold geologists who conducted the
drilling at Tarcoola erected the stratigraphic scheme presented here, and it was found by this
study to be robust (Figure 11.4).
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Figure 11.2. Contact between the Paxton monzoogranite and the basal granitic conglomerate of the Peela
Conglomerate, the lowest member of the Tarcoola Formation. Drillhole GP031RD, Perseverance deposit,
see location in Figure 10.5. The upper photo shows the complete tray, bottom right is the shallowest. The
lower photo shows the rather diffuse boundary between Paxton monzogranite and overlying granitic con-
glomerate in the middle of picture. The conglomerate is distinguished by its clastic nature, for example by
the rounded red jaspilite about 6 cms above (ie to the right in photo) the contact, and also by the fractured
feldspar crystals, lower content of feldspar and quartz, and higher content of dark fine-grained minerals.
The granitic conglomerate is a juvenile sediment with a mono population of ages from zircon, and may
even be locally derived from the Paxton Granite itself with a component of Wilgena Hill Jaspilite.
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Figure 11.3. Stratigraphic column for the Tarcoola Formation at the Tarcoola Goldfield. Letters in right
hand column refer to pictures in Figure 11.5. After compilations by Daly (1993a) and Anglogold geolo-
gists. Unit thicknesses are schematic only, and not to scale
A U-Pb zircon age of 1656 ± 7 Ma from tuffaceous units in the Sullivan Shale Member is
interpreted as the depositional age for this upper part of the Tarcoola Formation (Fanning
1990). SHRIMP zircon dating was conducted on the granitic conglomerate at the very base of
the Peela Conglomerate, and provides a maxiumum age of ~1715 Ma, very similar to the age
of the Paxton Granite upon which the unit was deposited. The Tarcoola Formation is of lim-
ited extent, occurring only in the Wilgena Domain, but is of a very similar age to the Urquhart
Shale of the Mt Isa Group in the Leichardt River Fault Trough, and the Paradise Creek For-
mation of the McNamara Group in the Lawn Hill Platform (Page et al. 2000). Both of these
packages are part of the Gun Supersequence, which is the oldest part of the Isa Superbasin
(Page et al. 2000).
The sediments of the Tarcoola Formation preserve a record of a deepening basin, with firstly
fluviatile sediments being deposited at the onset of basin subsidence, followed by a sequence
of shallow water stromatolitic limestones and deeper water sandstones and siltstones, over-
lain by mudstones. The alternating sandstone-dominated and shale-dominated packages
record several episodes of regression and transgression.
The time of cessation of basin filling is not known, but a minimum age constraint may be pro-
vided by a Pb-Pb model age of ~1645 Ma on galena from gold-related mineralisation (Chap-
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Figure 11.4. Cross-section showing most of the Tarcoola Formation stratigraphy. The location of drill holes
TCD009 & TCD005 can be seen on Figure 10.5, approximately 400 m E of the Tarcoola Blocks mining
area. Drilling and logging by Anglogold. Lettering on RHS of drill trace refers to photos in Figure 11.5.
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Figure 11.5. Lower part of the Tarcoola
Formation. See Figures 11.3 & 11.4 for
stratigraphic position. All drill core is
½NQ.
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Figure 11.5 (continued). Units of the mid-
dle part of the Tarcoola Formation. See
Figures 11.3 & 11.4 for stratigraphic posi-
tion. All drill core is ½NQ.
ter 17).  Ar/Ar dating of sericite provides a minimum age of hydrothermal alteration of
~1580 Ma (Chapter 15, Budd & Fraser 2004). The mineralisation is emplaced in brittle struc-
tures, so between the time of cessation of basin infill and mineralisation, the sediments must
have been buried to a depth adequate for lithification, then returned to a relatively shallow
level for deformation to be brittle rather than ductile. Pb-Pb modelling also indicates a second
lower temperature hydrothermal event about 100 My younger than the Pb-Pb model age of
the earlier gold-mineralising hydrothermal event.
The age and composition of the Tarcoola Formation show some similarities to some of the
sedimentary packages in the Mt Isa Inlier and Lawn Hill Platform that host world-class base
metal mineral deposits. Hence the Tarcoola Formation may be of some economic interest.
Also, the provenance of the infilling sediments, and tectonic history of the basin are of inter-
est in unravelling the lithotectonic history of that part of the Gawler Craton during the late
Paleoproterozoic to early Mesoproterozoic, and perhaps the relationship of the Gawler Cra-
ton to other cratons such as the Arunta & Mt Isa Inliers.
11.3.1 Stratigraphy
The Tarcoola Formation is defined by Daly (1993a) as a fluvial to marginal-marine clastic suc-
cession deposited in grabens or half grabens in the Tarcoola-Kingoonya region during the late
Palaeoproterozoic. The description of Daly (1993a) compiles data from the whole of the
extent of the Tarcoola Formation, including the Wilgena #1 stratigraphic diamond drill hole 7
km east of Tarcoola, and because of this is a more comprehensive description of the basin
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Figure 11.5 (continued). Units of the
upper part of the Tarcoola Forma-
tion. See Figures 11.3 & 11.4 for stra-
tigraphic position. All drill core is
½NQ.
than can be seen at the Tarcoola Goldfield. However, drilling by Anglogold during the period
2000–2002 adds detail about the occurrence of the Tarcoola Formation at the Goldfield.
Daly (1985) divided the Tarcoola Formation into three members, the basal Peela Conglomer-
ate Member, the middle Fabian Quartzite Member, and the upper Sullivan Shale Member.
11.3.1.1 Peela Conglomerate Member
The basal Peela Conglomerate Member is a pebbly to conglomeritic arkosic quartzite inter-
bedded with and overlain by chloritic, lithic sandstone and conglomerate. Clasts include Wil-
gena Hill Jaspilite, Archaean orthogneiss, Eba Formation quartzite, and rhyolite to basalt vol-
canics. The basal Peela Conglomerate Member consists of conglomerate, arkosic quartzite
and green lithic sandstone (Daly 1993a). Microcline-rich arkosic quartzite at the base is poorly
layered and thick bedded, contains locally abundant pebbles of BIF (of the Wilgena Hill Jas-
pilite), and grades into massive boulder conglomerate near basement outcrop (Daly 1993a).
This unit partially outcrops in the vicinity of the Perseverance deposit, where the boulder con-
glomerate can be seen exposed just above the granite-sediment contact in a shallow pit (Fig-
ure 11.5A). Just above this, the arkosic quartzite crops out. Superficially it has a similar appear-
ance to medium-grained parts of the Paxton Granite, but is distinguished by its clastic texture,
banding and the occurrence of pebble-sized lithic clasts of red jaspilite and black mudstone.
Figure 11.2 shows an intersection of the contact between the Paxton monzogranite and the
Peela Conglomerate Member in drilling in the Perseverance deposit. Rather than being sharp,
the contact is difficult to pinpoint, but is discernable by the change from quartz-feldspar rich
granite, to matrix rich, red jaspilite clast-bearing conglomerate.
Zircons separated from a sample of this unit (sample 2210, Figure 11.5B) have very similar
ages to the Paxton Granite of ~1715 and ~1732 Ma (Chapter 2 and section 11.3.2 below).
This provides a maximum age of deposition of ~1715 Ma of the Tarcoola Formation. The
poorly-bedded, matrix-supported angular clastic texture and composition including abundant
feldspar and minor biotite suggests that this unit is immature, and has not been transported
far and was deposited in a terrestrial environment. It is likely that much of the quartz, feldspar
and zircon is derived from a granite nearby, and given the age it is likely to be a correlative, if
not an outcrop, of the Paxton Granite. Given that the Paxton Suite has an intrusive age of
~1720 Ma, realistically the maximum age of deposition of any part of the Tarcoola Formation
must be somewhat younger than this, to allow exhumation of the granite which the Peela
Conglomerate was then deposited directly onto.
The arkosic conglomerate is overlain and interlayered with deep green lithic sandstone and
conglomerate containing a wide variety of basement and contemporaneous acid and basic
volcanic clasts and local basalt flows (Daly 1993a). The distinctive, dark green, sandy mud
matrix consists predominantly of very fine-grained chert, sericite, chlorite, biotite and, less
commonly, amphibole with varying proportions of glassy volcanic quartz, feldspar and rock
fragments (Daly 1993a). Volcanic clasts include pink and grey tuffaceous and porphyritic
rhyolite and rhyodacite, andesite and basalt (Daly 1993a). Some of the volcanic fragments (e.g.
basalt bombs) are flattened parallel to bedding and have altered rims which suggest deposition
while hot (Daly 1993a). Daly (1993a) notes that the Peela Conglomerate Member has a mini-
mum thickness of 100 m, but presumably this thickness is found elsewhere, because in the
Tarcoola Goldfield, it is either absent or has a thickness of only a few meters. Daly (1993a)
considers the Peela Conglomerate Member to have been deposited in alluvial fans adjacent to
active faults.
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11.3.1.2 Fabian Quartzite Member
The Fabian Quartzite Member overlies and sometimes interbeds the Peela Conglomerate
Member, and forms the Tarcoola ridge and the greater part of the Tarcoola Formation out-
crop (Daly 1993a). Daly (1993a) divided the Tarcoola Formation into 14 units, and the Fabian
Quartzite Member comprises units 2 to 13 (the Peela Conglomerate Member is unit 1, the Sul-
livan Shale Member is unit 14). The lowest unit 2 consists of thin-bedded micaceous quartzite,
coarse-grained, clayey, micaceous, sandy quartzites and finely laminated calcareous dolomites
(Daly 1993a). The calcareous dolomites are stromatolitic and sandy, and are here termed the
‘Euro Limestone’ (Figures 11.3, 11.5C). Kneeshaw (2003) estimates the thickness to be
between 5 m to 25 m. The lower part of the Fabian Quartzite Member is indicative of a
change from terrestrial to shallow marine, consistent with a marine transgression.
Units 3 to 8 comprise micaceous quartzite interbedded with medium to coarse-grained, white,
well-sorted quartzite which becomes predominant higher in the sequence (Daly 1993a).
Anglogold geologists have divided this part of the stratigraphy into two arkosic units overlain
by two thinly bedded interlayered sandstone and siltstone layers and topped by a coarser
quartzite (Figure 11.3). The lower part of the stratigraphy is a 15 m to 40 m thick sequence of
interbedded shales, graphitic shales, siltstones, fine- to very fine-grained sandstones and dis-
tinctive units of pebbly arkose (Kneeshaw 2003). The ‘Lower Arkose’ is a sandstone that con-
tains several interbeds of lithic pebble arkose containing granitic components (Figure 11.5D).
It is overlain by the ‘Upper Arkose’ distinguished from the lower bed by a higher sand con-
tent, and more quartz-rich pebbly arkosic interbeds (Figure 11.5E).
A 40 m to 60 m thick sequence of fine-grained sandstones, siltstone, shales, graphitic shales
and quartzites overlies the pebble arkoses (Kneeshaw 2003). The ‘Flames’ unit is generally
thinly bedded pink sandstone with green shale interbeds (Figure 11.5F). It is characterised by
flame structures, which are the result of mud being squeezed upwards through sandy layers
during sediment layering (Boggs 1987). The ‘Flames’ and overlying ‘Pink and Green’ beds are
not always present. The ‘Pink and Green’ beds are sandier than the ‘Flames’, and are also
thinnly bedded (Figure 11.5G).
The Main Slide Quartzite is approximately 10 m thick (Kneeshaw 2003) and overlies the ‘Pink
and Green’ beds. It comprises white quartzite with some shale bands and fine-grained sand-
stone (Figure 11.5H). It correlates to unit 8 of Daly (1993a). It often hosts disseminated spha-
lerite ± galena adjacent to mineralised faults.
The Main Slide Shale is 7 m to 12 m thick and is characterised by two units of nearly massive
graphitic black shale that are separated by a thin bed of fine- to medium-grained sandstone
(Kneeshaw 2003) (Figure 11.5I). The interbedded sandstone is termed the Main Slide sand-
stone, and is 0.5 m to 1.5 m thick (Figure 11.5J). The Main Slide Shale is overlain by a sequence
of very thinly bedded units of graphitic shale and siltstone, ranging from 10 m to 15 m thick
(Kneeshaw 2003). It has a distinct banded appearance, giving rise to its informal name of
Magpie Shales (Figure 11.5K). The Main Slide and Magpie Shales correlate with unit 9 of Daly
(1993a) and are the earliest of the shale units of the Sullivan Shale Member that interbed with
the Fabian Quartzite Member. In the Tarcoola Blocks mining area these shales were infor-
mally termed the ‘Back Slates’ by the old gold miners (Daly et al. 1990).
Of the interbedded section of the Fabian Quartzite and Sullivan Shale Members, Daly (1993a)
notes that quartzite is interbedded with laminated carbonaceous and pyritic siltstone and
shale. The shale is grey to black, laminated to thinly bedded and contains syneresis cracks and
thin cross-bedded quartz sand interbeds (Daly 1993a). Pale green, locally graded water-lain
tuffs of dacitic to andesitic composition are common in Wilgena #1 drillhole, and it is these
tuff horizons which yielded zircons dated at 1656 ± 7 Ma (Daly 1993a, Fanning 1990).
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A second unit of thinly bedded shale, termed the Middle Magpies (Figure 11.5M), is separated
from the lower Magpie Shale by a unit of quartzite with very minor shales (Figure 11.3). This
unit also hosts disseminated sulfides near mineralised structures (Figure 11.5L). The Middle
Magpies equate to the upper part of unit 10 of Daly (1993a), and in the Tarcoola Blocks min-
ing area these shales were informally termed the ‘Front Slates’ by the old gold miners (Daly et
al. 1990).
A sequence of sandstones overlies the Middle Magpies. Most of this sequence is of fine- to
very fine-grained sandstone with minor shale units, and contains greywackes and is often
slump folded (Figures 11.5N & O). In the middle of the sequence is a unit of very fine-grained
sandstone termed ‘Slotzite’ - the name is derived from the vertical ‘slots’ at the eastern end of
the Tarcoola Blocks mining area where auriferous quartz reefs were mined by open vertical
cuts (Figure 11.6). This sequence is equivalent to units 11 & 12 of Daly (1993a).
The uppermost unit of the Fabian Quartzite Member (unit 13 of Daly 1993a) is termed the
Marker Quartzite (Figure 11.5P). It is not always present, but it quite distinctive as a clean,
thick bedded, medium-grained quartzite 1 m to 1.5 m thick.
11.3.1.3 Sullivan Shale Member
Daly (1993a) does not subdivide the Sullivan Shale Member (unit 14), and describes it as
green thin bedded silty claystone, carbonaceous micaceous pyritic clayey siltstones. Anglo-
gold drilling did not intersect much of this part of the stratigraphy, and it does not outcrop in
the area of the Goldfield. The lowest unit is termed the Marker Shale (Figure 11.5Q), which is
overlain by the Bombay Shale (Figure 11.3). The Bombay Shale is subdivided into a lower
‘clean’ sandstone ± quartzite ± arenite with little to no graphitic component (Figure 11.5R).
The upper Bombay Shale comprises sandstone and arenitic sandstones with graphitic shale
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Figure 11.6. The ‘slots’, historic workings of reefs such as the Little Gem, Lloyd, Branch Minnis, Minnis
& Dedman, Tarcoola Blocks mining area (see Figure 10.4). These slots show how narrow the reefs are,
and their consistent orientation gives and indication of structural control on deposition.
‘matrix’ that may contain black siltstone. In RC chips it looks like a graphitic shale because of
the graphitic component. The term ‘Bombay Shale’ comes from the Indian dish ‘Bombay
Duck’, which is actually fish; likewise this part of the Sullivan Shale Member is a sandstone.
The uppermost Sullivan Shale Member comprises graphitic shales and grey shales.
The finely laminated carbonaceous Sullivan Shale Member has distinctive graded bedding and
altered dacitic to andesitic water-laid tuffs, and overlies and intertongues with the Fabian
Quartzite Member. Altered basaltic sills (possibly sub-sea floor) occur within the quartzites.
11.3.2 Geochronology
11.3.2.1 Previous work
Two samples of altered green water lain tuff from the Wilgena #1 drill hole (10 km east of the
Tarcoola Goldfield) were analysed by conventional U-Pb (Fanning 1990). Sample 5836RS684
was taken from 641.83 - 641.88 m, and sample 5836RS685 was taken from 649.88 - 649.98 m.
This is part of the Tarcoola Formation where the Sullivan Shale Member is interbedded with
the Fabian Quartzite Member (Daly 1993a).
The zircons from sample 5836RS684 are euhedral, generally simple grains with zonation that
is interpreted as resulting from a single igneous crystallisation event (Fanning 1990). Five of
six grains analysed effectively plot as a single point close to within error of concordia (Fanning
1990). It was assumed that the discordance of the sixth sample was slight and of present day
origin (Fanning 1990). A weighted mean of the Pb/Pb model age of 1654 ± 3 (95% con-
fidence) Ma is considered to reflect the time of volcanism (Fanning 1990).
The zircons from sample 5836RS685 have a simple euhedral morphology and are interpreted
to be igneous (Fanning 1990). Seven grains were analysed and all have relatively low measured
Pb/ Pb ratios and therefore greater uncertainty in the calculated radiogenic ratios (Fan-
ning 1990). All analyses cluster closely together largely within error of concordia. A weighted
mean of the Pb/Pb model age at 1657 ± 11 Ma (95% confidence) give the best estimate
for the crystallisation age of these zircons (Fanning 1990).
The zircons from both samples were assumed to be part of the one volcanic event on the
basis of the similarities in age (Fanning 1990). A combined weighted mean of all the data
rejects 4 of the 12 analyses as being outside analytical error, giving a calculated age of 1654 ± 3
Ma (Fanning 1990). There is some dispersion of the data on a concordia plot, and to take the
dispersion into account a regression line was fitted to all 12 analyses and forced through the
origin on the assumption that the discordance is entirely due to the loss of radiogenic Pb at the
present (Fanning 1990). The pooled regression through the origin yields an upper concordia
intercept of 1656 ± 7 Ma, which is equivalent to the weighted mean Pb/Pb model ages
for the individual samples (Fanning 1990). The intercept of 1656 ± 7 Ma is interpreted as the
best estimate for the crystallisation age of the zircon (Fanning 1990), and therefore for deposi-
tion of this part of the Tarcoola Formation (Daly 1993a).
11.3.2.2 This study
A sample (2210) was taken from outcrop of arkosic pebble conglomerate from the Peela Con-
glomerate Member, within meters of the unconformable contact with the Paxton monzo-
granite. Zircons were analysed on the SHRIMP RG at the Research School of Earth Sciences,
Australian National University, by Dr Oliver Holm of Geoscience Australia, and the follow-
ing summary is provided by him.
Zircons were separated by the technical staff of the mineral separation laboratory at Geosci-
ence Australia, by the process described in Appendix IV. Zircons in the magnetic fraction of
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the sample were almost entirely metamict and fractured. Analysis of the magnetic fraction was
not undertaken, as it would have involved a high level of bias in order to select grains that
were of suitable analytical quality. Approximately 20% of the zircons in the non-magnetic
fraction were fractured and metamict. Despite this, an unbiased selection of analyses was pos-
sible. Zircons from this sample were included with others from Hiltaba Association Granites
from the Tarcoola region (Chapter 4) on mount Z4277.
Grains in the sample range in shape from anhedral, rounded grains, to euhedral grains with
concentric zoning (Figure 11.7). The majority of grains (approximately 80%) are subhedral to
euhedral. The zircons in the sample are predominantly clear in colour, although a minor pro-
portion (15%) of varying morphology have a faint brown tinge. Fractured and metamict
grains are brown in colour, especially along the fractures. Around 10% of grains have inclu-
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Figure 11.7. Transmitted light photo of a selection of zircons from the Peela Conglomerate sample 2210.
Figure 11.8. Cathodoluminescence image of a selection of zircons from the Peela Conglomerate sample 2210.
sions that are either opaque, dark brown in colour and rounded, or clear, with a needle-shaped
habit.
Cathodoluminescence images show that zircons in the sample range between being uniform
in composition with no evidence of zonation, to concentrically zoned highlighted by U-rich
and U-poor banding (Figure 11.8). The grains are predominantly dark grey, although approxi-
mately 15% have medium to high levels of luminescence, indicating lower abundances of U.
As with the crystal morphology, variation in cathodoluminescence was not reflected in age
variation of the zircons.
The analyses were carried out between 28–29 January 2004 on SHRIMP RG, under moder-
ately stable machine conditions. Data were acquired from seven cycles between the isotopic
species - ZrO,  Pb, background, Pb, Pb, Pb, U, Th and UO.  Pb corrected data are
reported here. The 1850 Ma QGNG zircon standard (Black et al. 2003) was used to calibrate
the measured Pb/U ratios. The SQUID software of K.R. Ludwig was used in the proc-
essing of the data. External spot-to-spot error (2) was excessively high at 8.18%. The pre-
ferred upper threshold for the spot-to-spot external errror on SHRIMP RG is around 2%
(2), as a result of the large error for these analyses, wider error bars for Pb/U age occur,
although this does not affect the Pb/Pb age. No mass fractionation correction was made.
The QGNG standard had a mean Pb/Pb age of 1860.6 ±7.1 Ma with an MSWD of 1.2
and a probability of equivalence of 0.27 for 9 analyses. The older age of the QGNG standard
(nominally ~1850 Ma) can be explained by the measurement of excess background values,
attributable to the incorrect AMU distance between the  Pb and background peaks, result-
ing in  Pb counts being included in the total background count. In correcting for the excess
background counts, a uniform deduction of 9 units on the background count was applied,
thus lowering the QGNG standard to 1850.7 ± 6.1 Ma with an MSWD = 0.66 and a probabil-
ity of equivalence of 0.73 from 9 analyses.
The nine analyses of the QGNG standard were interspersed with the analyses of the
unknown Peela Conglomerate sample. Thirty-seven analyses of the unknown were under-
taken. After exclusion of analytical results with high common Pb, discordance greater than
10%, 25 analyses were included in the final dataset (Appendix III). The 25 analyses of the
Peela Conglomerate zircons form two populations distinguished by U and Th values. The
younger population has lower U and Th values than the older population, although Th/U
ratios across the two populations are broadly constant. The two populations are not distin-
guishable optically or by cathodoluminescent response. The younger population of 15 analy-
ses yielded Pb/Pb ages that are within error of each other (MSWD = 1.5, probability of
equivalence = 0.095) and produce a weighted mean age of 1714.6 ± 7.9 Ma. The older popula-
tion of 10 analyses yielded Pb/Pb ages that are within error of each other (MSWD = 1.7,
probability of equivalence = 0.078) and produce a weighted mean age of 1732.8 ± 5.1 Ma
(Figure 11.9). The two populations are distinguishable on the concordia plot (Figure 11.10).
The younger population has U values less than 900 ppm and features large error ellipses due
to the lower U content. The older population has U values greater than 900 ppm and accord-
ingly has small error ellipses.
11.3.2.3 Interpretation
The ~1715 Ma age for zircons from the Peela Conglomerate Member provides a maximum
depositional age for the Tarcoola Formation. The zircons are mostly subhedral to euhedral,
and the conglomerate is angular, poorly sorted and clast supported, indicating that the sedi-
ment is immature derived from a local source and deposited in a terrestrial environment. A
similar age is reported by Fanning (1997) for zircon from a thin interbedded rhyolite in the
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Labyrinth Formation, east of Tarcoola. It is likely that both of these zircon populations are
derived from rocks equivalent to the Paxton Granite, indicating that this was an extrusive as
well as intrusive magmatic event.
Zircons from an interpreted air-fall tuff give an age of 1656 ± 7 Ma (Fanning 1990) inter-
preted to be the age of deposition of the middle part of the Tarcoola Formation. The age con-
straints presented above do not rule out the possibility of a significant time gap between depo-
sition of the Peela Conglomerate Member and the overlying Fabian Quartzite Member.
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Figure 11.9. Weighted mean  Pb/ Pb age diagram for the Peela Conglomerate sample 2210 zircons. A
(left) younger population. B (right) older population. Analyses are coloured by U content. Lower U con-
tent corresponds with larger error bars.
Figure 11.10. Concordia diagram for the Peela Conglomerate sample 2210 zircons. The interpreted older
population is identified by the smaller errors in  Pb/ Pb and  U/ Pb, as well as the higher U values.
Light blue error ellipses may reflect mixed analyses, that incorporate older grains and younger over-
growths. Analyses with discordance greater than 10% have been excluded from the weighted mean age.
11.3.3 Depositional environment
The Fabian Quartzite Member and interbedded Sullivan Shale Member were deposited in a
shallow marine environment or large lake, carbonaceous shale representing deposition in
slightly deeper and quieter water (Daly 1993a). The quartzite is 400 m thick at Tarcoola but at
least 2000 m thick at Mt Finke (55 km WSW of Tarcoola), while the shale is at least 700 m
thick east of Tarcoola (Daly 1993a). Deposition was in alluvial fans adjacent to active faults,
which were likely conduits for contemporaneous volcanism (Daly et al. 1998). Water depth
and basin size increased up sequence with deposition of fluival to shallow marine well-sorted
quartzose sands succeeded by anoxic carbonaceous shales deposited below wave base (Daly et
al. 1998). Slumping within these shales may indicate periodic seismic activity during volcanism
(Daly et al. 1998).
11.3.4 Similarities to Mt Isa sequences
The Tarcoola Formation is very similar in age to the McNamara Group Paradise Creek For-
mation of the Lawn Hill Platform and the Mt Isa Group Urquhart Shale in the Leichardt River
Fault Trough, both in the Mt Isa Inlier.
The Paradise Creek and Esperanza Formations are a mixed succession of fine-grained clastics
and carbonates with well-developed stromatolitic facies at several levels, approaching a cumu-
late thickness of 900 m (Page et al. 2000). Four samples from pink tuffites were dated, three
from Esperanza Waterhole and one from Mellish Park. The ages obtained by SHRIMP were
1658 ± 3, 1658 ± 3, 1654 ± 3 and 1657 ± 3 Ma (Page et al. 2000). The zircons from all samples
are euhedral and unabraded, and provide unimodal ages, and are interpreted to provide the
age of eruption and subsequent deposition of air-fall tuffs (Page et al. 2000).
The Urquhart Shale is dominated by thin-bedded to laminated mixed carbonate-siliciclastic
siltstone-mudstone sequences (Domagala et al. 2000). Hummocky cross-stratification occurs
locally and most of the interval is interpreted to be below storm wave-base turbiditic, hemipe-
lagic and distal tempestite deposits (Domagala et al. 2000). Tuff marker beds at the Isa and Hil-
ton mines have been dated at 1652 ± 7 and 1655 ± 4 Ma, respectively (Page et al. 2000). Page et
al. (2000) correlate the base metal rich Native Bee–Urquhart Shale in the Mt Isa Valley with
the Paradise Creek–Esperanza Formations on the Lawn Hill Platform.
The similarity in age and composition between the Tarcoola Formation and the Urquhart
Shale and Paradise Creek Formations could be coincidental, or could be indicative of very
similar tectonic environments, perhaps even that the two proto-cratons were cojoined, as has
been suggested by some workers (Betts & Giles 2000).
Extensive dating in the Mt Isa, Lawn Hill and southern McArthur regions has identified major
intraplate tectonic events at approximately 1735 Ma, 1700 Ma, 1670 Ma, 1650 Ma, 1640 Ma,
1615 Ma, 1600 Ma and 1575 Ma which impacted on accommodation rates and basin shape
(Southgate et al. 2000). Sub-basin depocentres, the hosts for major sulfide mineralisation, are
attributed to reactivated faults that controlled local subsidence (Southgate et al. 2000). Pb-Pb
model ages of 1653 Ma, 1640 Ma and 1575 Ma for the Mt Isa, McArthur River and Century
Pb-Zn-Ag deposits, suggest that changes to intraplate stresses at tectonic events of like age
resulted in the migration of metal-bearing fluids into the sub-basins (Southgate et al. 2000).
Magmatic events close to 1700 Ma (Weberra Granite) and 1675 Ma (Sybella Granite) coincide
with times of regional incision and the formation of supersequence-bounding unconformity
surfaces (Southgate et al. 2000). The Pb-Zn-Ag deposits are generally regarded as forming
early in the basin’s history with metal precipitation taking place either at, or a few metres
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below, the sediment-water interface, or at depths of 1–2 km no later than 30 million years
after deposition of the host sediments (Southgate et al. 2000).
The Gawler Craton records a similar, even longer, spread of ages (see Chapter 1) of tectonism
and magmatism. However there is a paucity of recorded dates of magmatism around the time
of the deposition of the Tarcoola Formation. The Tunkillia Suite was intruded at ~1680 Ma
(see Chapter 3), and metamorphism occurred in the Christie Gneiss to the west of the Tar-
coola Formation basin at ~1650 Ma (Fraser & Lyons unpublished data). Unlike the Mt Isa
examples, the known mineralisation in the Tarcoola Formation is 80 million years younger
than the age of deposition. However, this lack of data (ages, mineralisation) does not rule out
the possibility that further work in the Wilgena Domain will show other similarities to the Mt
Isa Inlier.
Hayes et al. (1992) as part of an Australia-wide Proterozoic study, analysed six pyrites from
black shales in the Wilgena #1 hole. These pyrites from the Tarcoola Formation have similar
sulfur isotope values to the Urquhart Shale, averaging  S of 28 ‰ and 28.5 ‰ respectively
(Hayes et al. 1992). This indicates that the Tarcoola Basin was open to the sea, and was not a
large lake.
11.4 STRUCTURE
At some time, prior to or synchronous with, the intrusion of the Lady Jane Diorite,
NNW–SSE directed shortening produced open folds and NNW–directed thrusting (Hughes
1998, Kneeshaw 2003). This produced the anticline which forms the Tarcoola Ridge. This
first deformation event (D	) formed the basal thrust that separates the Paxton Granite from
the Tarcoola Formation between the Tarcoola Ridge and Browns Hill (Figure 10.3) (Knee-
shaw 2003). Kneeshaw (2003) also interprets the Main Slide and Pug Seam structures (Figure
10.4) that are layer parallel to the sediments in the Fabian Quartzite as thrusts formed during
D	, whereas Bogacz (1988) interpreted this movement to be late. The timing of this deforma-
tion is constrained to be post-deposition of the Tarcoola Formation at ~1655 Ma, and prior
to or synchronous with the intrusion of the Lady Jane Diorite at ~1580 Ma.
Daly et al. (1990) and Hughes (1998) invoke movement along a large NE-trending basement
fault west of Perseverance (Figure 10.3) to form open spaces into which auriferous quartz
reefs were emplaced. Kneeshaw (2003) interprets that this second deformation event (D)
formed the steeply dipping, NW and NE trending faults that host gold mineralisation in the
Tarcoola Blocks and Perseverance areas. The series of historically mined “slots” visible on the
south side of the main Tarcoola Ridge (Figure 11.6) are also interpreted to have formed dur-
ing D (Kneeshaw 2003). Kneeshaw (2003) interprets that the shortening direction for D is
similar to that for D	 (NNW–SSE), but that the two events are distinct, with D	 being rela-
tively ductile and D being brittle.
Hughes (1998) and Kneeshaw (2003) interpret the steep, generally NW and NE–trending
faults and mineralised structures in the Tarcoola Blocks and Perseverance areas to have
formed as a conjugate fault set. Kneeshaw (2003) interpreted that these faults helped to acco-
modate shortening within the rocks of the hangingwall of the basal thrust (the Paxton Granite
and Tarcoola Formation - Figure 11.1). Kneeshaw (2003) regards the basal thrust as being
reactivated during D, and that the Pug Seam and Main Slide faults were probably also reacti-
vated during D, allowing the formation of the ‘slots’ structures as tensional veins. The long
axes of these are aligned subparallel to the primary shortening direction during D (Kneeshaw
2003).
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An alternative structural interpretation to that of Kneeshaw (2003), is that D	 and D are part
of the same event, with brittle or ductile faulting being controlled by the various lithologies’
competencies (Skirrow 2005 pers. comm.). For example, the quartzite and Paxton Granite
deformed brittlely, while the shales and slates deformed ductilely. This interpretation is con-
sistent with the observation of Kneeshaw (2003) that the shortening direction for D is similar
to that for D	.
Daly et al. (1990), Hein et al. (1994), Hughes (1998) and Kneeshaw (2003) all interpret gold
mineralisation to have occured during the formation of these NE–NW trending conjugate
fractures (i.e. D of Kneeshaw 2003). Kneeshaw (2003) states that the distribution of Lady
Jane Diorite intrusives can easily be interpreted from reduced-to-pole, 1st vertical derivative
and 2nd vertical derivative aeromagnetic images, and that this shows a correlation with the
NE–NW D fault system. However, the author suggests that care must be taken in using mag-
netics to map thin bodies in the granites, as early hematite-magnetite-stable alteration of gran-
ite has produced magnetic susceptibilities as high as those of the Lady Jane Diorite. Daly et al.
(1990) report that mafic dykes have intruded the fault fissures in the Tarcoola Blocks area
which contain gold-bearing quartz veins, and are also displaced by strike faulting. This shows
that faulting continued after emplacement of mafic dykes in this area. At Perseverance, miner-
alised quartz veins are seen to crosscut dykes assigned to the Lady Jane Diorite suite (Chapter
15, Budd & Fraser 2004). Therefore, barring the possibility of multiple mafic/intermediate
dyke suites, mineralisation, faulting and dyke intrusion can be considered to be broadly coe-
val. This observation is important in the interpretation of  Ar/Ar dating of sericites from
alteration, and hornblende from microdiorite (Chapter 15, Budd & Fraser 2004).
A third deformation event (D) is evidenced by late, barren quartz veins that form prominent
outcrops near the old Government Battery and to the NE of the Government line of work-
ings (Figure 10.3) (Kneeshaw 2003). Cross cutting veins and textures preserved in breccias
within the fault zones are evidence that the fault zones have been reactivated several times
(Kneeshaw 2003). Hein et al. (1994) however state that a mineralised quartz vein crosscuts a
barren quartz vein at the Excelsior Mine (Figure 10.3).
Examination of samples of the Paxton monzogranite from drillcore at Perseverance show
that the intensity of alteration related to mineralisation is correlated to the degree of brittle
fracturing, and this is strongest near the conjugate NW–NE faulting. This is further described
in Chapter 13.
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12.1 INTRODUCTION
There are several styles of mineralisation observed within the Tarcoola Goldfield, and this is
probably the result of variations in local lithological and structural control. Mineralisation is
mostly hosted in veins in brittlely-deformed rocks, showing the importance of brittle fractur-
ing as a depositional control. Generally, wall rock composition does not affect resulting min-
eralisation, with the exception of graphitic slates which commonly host bonanza grade gold
veins. Gold and base metal mineralisation occur together or separately from each other, and it
has not been possible to determine the cause of this variability, but factors such as depth,
proximity to major fluid flow corridors, and timing and duration of hydrothermal activity
through veins are probable causes. A variety of samples from throughout the goldfield are
presented and discussed below, along with descriptions from previous workers.
12.2 PREVIOUS WORK
The Tarcoola Blocks mining area is hosted entirely within the Tarcoola Formation (Figure
10.3), but was not able to be studied because the shafts were flooded and considered other-
wise unstable. Some underground drilling had been done in the mid 1980s, but this core was
not kept. Therefore, the following descriptions are taken from previous studies.
Workings on the Fabian, Ward, Western Branch, McKechnie, Imperial and Sullivan reefs,
from which the greater part of gold production from the Tarcoola Blocks mine area has been
won, are located between two strike faults, the 'Main Slide' and the 'Pug Seam' fault (Figure
10.4) (Daly et al. 1990). The gold-bearing quartz veins (or reefs) in the Tarcoola Blocks area are
up to 2 m wide and 250 to 300 m long, and most are oriented NW (Daly et al. 1990) (Figure
10.4). They are subvertical to vertical, and have a vertical extent of at least 100 m (Daly et al.
1990). They contain abundant crushed xenoliths of quartzite and carbonaceous siltstone
(Daly et al. 1990). The reefs have been described by Ridgway & Johns (1949) as narrower
within thick bedded quartzite and broader within thin bedded carbonaceous siltstone and
quartzite. This may reflect a competancy contrast between the lithologies. Records suggest
that rich gold values were obtained where quartz veins crosscut carbonaceous siltstones, and
more recent work indicates that gold haloes occur around quartz veins cutting quartzite (Daly
et al. 1990). Quartz veins of up to 20 cm width commonly anastomose and enclose crushed
material, suggesting that the reefs were probably quartz vein sets (Daly et al. 1990). Many small
quartz veins which contain gold occur between the major reefs (Daly et al. 1990), although
Daly et al. (1990) does not indicate the orientation of these veins.
The ore in the Tarcoola Blocks mine area contains silver and locally abundant sulfides of cop-
per, lead, zinc and arsenic (Daly et al. 1990). The reefs typically have erratic gold values both
laterally and vertically and contain both very fine and coarse grained gold (Daly et al. 1990).
Hein et al. (1994) noted that where quartz veins have intersected conglomerate, siltstone and
shale of the Tarcoola Formation, alteration assemblages consist of chlorite with minor calcite
and sericite. Chlorite has mainly replaced wallrock feldspar, but where fracturing has pro-
duced cavities, chlorite is veriform or spherulitic and generally accompanies quartz (Hein et al.
1994). Sericite is restricted to alteration of feldspar, and in places calcite has filled fractures
lined with chlorite (Hein et al. 1994). Kaolinite occurrences are attributed to meteoric altera-
tion (Hein et al. 1994).
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Chapter 12: Mineralisation Styles
Mineralisation has been found in several other parts of the goldfield. The Curdnatta and Gov-
ernment mines (Figure 10.3) occur along a NE-trending fault within granites in the eastern
part of the goldfield. Drilling by Anglogold between 2000–2003 identified several gold-
bearing structures. 700 m east of Perseverance along the Tarcoola Ridge, holes targetting SE-
NW trending fault zones adjacent to late monzodiorite intrusions intersected mineralisation
similar to that found at Perseverance (Kneeshaw 2003). High-grade vein mineralisation was
found within faults in the Paxton Granite in the hanging wall of the basal thrust, north of Per-
severance (Kneeshaw 2003). Other target types, such as replacement of limestone units, were
not found to be mineralised (Kneeshaw 2003), further demonstrating the importance of
structures in the mineralisation of the Tarcoola Goldfield.
Mineralisation in the Perseverance zone includes styles not seen in the Tarcoola Blocks min-
ing area. The Perseverance zone includes the Perseverance deposit, where mineralisation
occurs within the Paxton Granite as well as units of the Tarcoola Formation (Figure 10.5), and
the Last Resource deposit, which is hosted entirely by granite. Mineralisation at Perseverance
and Last Resource is largely concentrated in the broad NE-trending fracture zones, and along
NW trends such as the Bonanza zone (Hughes 1998). Exploration in the early- to mid-1990s
was conducted along the broadly northerly-trending structures, and resulted in the definition
of resources at Perseverance, Last Resource and Wondergraph (Hughes 1998). Wondergraph
is just to the north of Last Resource (Figure 10.5). This drilling identified broad auriferous
shear zones (such as the Perseverance trend), and suggested that much of the gold at Perse-
verance was at or near the contact of the sediments and underlying granite, occuring in sheets
(Hughes 1998). Further drilling by Grenfell Resouces in 1996 identified further high grade
gold and subsidiary base metal mineralisation mostly restricted to the Perseverance trend,
beneath and along strike of the previously identified resource (Hughes 1998).
Within the Perseverance mineralised zone, sulfides including pyrite, galena and sphalerite are
relatively abundant, and lesser amounts of arsenopyrite, chalcopyrite and bornite have been
noted (Hughes 1998). Massive sulfides in association with high grade gold mineralisation have
been found to the south of the previously defined resource (Hughes 1998). Holes drilled
beneath Perseverance and to the north have encountered more disseminated mineralisation,
within fractures cutting altered granite (Hughes 1998).
Two sandstone/quartzite horizons of the Fabian Quartzite Member host low-grade dissemi-
nated and vein-hosted galena and sphalerite. Pb isotopes (Chapter 17) indicate an age ~100
Ma younger than the main gold mineralising event for this mineralisation, and it is discussed
seperately to the gold mineralisation in section 12.5 below.
12.3 STYLES
The various styles of mineralisation observed during this study have been organised by metal
content below, and are then related to possible controls on deposition following the descrip-
tions. This is summarised in Table 12.1.
12.3.1 High Au, High S (Figure 12.1)
Sample 2211A contains ~10 % disseminated to stringer sulfides, mostly pyrite, in altered and
silicified limestone. In thin section, pyrite is the dominant sulfide, and was first to crystallise,
but crystallisation of pyrite continued with the other sulfides. Galena and honey-coloured
sphalerite are common, veining and infilling cracks in pyrite, as well as forming larger blebs.
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Chalcopyrite is minor, occuring as disseminations in sphalerite and as rare single grains. Chlo-
rite often occurs on the rims of pyrite, giving very irregular grain boundaries. This sample is
positioned well above the zone of well-mineralised fault repetition (see below), and is proba-
bly on the NE-trending Perseverance fault. There is little other mineralisation or alteration
nearby.
Sample 2220A is a very high-grade gold sample, with moderate Pb and Zn (Table 12.1). The
host is a section of Euro Limestone that appears to be a fault repetition, occurring near where
a NW-trending fault intersects the main NE-trending Perseverance fault zone.
Sample 2220B is a 5 cm wide quartz-galena-sphalerite vein in moderately sericite-quartz-
pyrite (SQP: Chapter 13) altered Paxton monzogranite. The vein boundaries are diffuse, and
the quartz and sulfide grains within the vein are moderate to large in size.
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Table 12.1. Summary of the mineralisation styles seen at the Perseverance deposit, grouped by approxi-
mate gold:sulfide contents and ratios. Mineral abbreviations: apy = arsenopyrite; carb = carbonate; ccp =
chalcopyrite; chl = chlorite; fl = fluorite; ga = galena; hem = hematite; py = pyrite; qtz = quartz; seri =
sericite; sph = sphalerite; sul = sulfide. Other abbreviations: alt = altered; anast = anastomosing; bx =
breccia; cg = coarse grained; diss = disseminated; fg = fine grained; grt = granite; inc = inclusions; mass =
massive; shle = shale; sil lmst = silicified limestone; slst = siltstone; strng = stringer; vis = visible. Sample
number abbreviations: 2211A = 2002363011A; 2220A = 2002363020A; 2220B = 2002363020B; 2220C
= 2002363020C; 2221A = 2002363021A; 2221C = 2002363021C; 2005G = 2000363005G; 2205 =
2002363005; 2014 = 2000363014; 2211C = 2002363011C; 2007A = 2000363007A; 2202J =
2002363002J; 2206F = 2002363006F.
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Sample 2220C comprises blebby sulfides in silicified Euro limestone. This sample was taken
adjacent to 2220A, from an intersection of limestone that is probably a thrust repetition. It is
much lower grade than sample 2220A, which demonstrates the discontinuous nature of min-
eralisation throughout the goldfield.
Sample 2221A comprises sulfides in an anastomosing quartz vein in extremely altered and sili-
cified granite. It is from hole GP002D (Table 12.1 and Figure 10.5), which intersected the
Perseverance fault zone about 100 m SW of the high-grade mineralised intersections of
GP005D. In thin section, pyrite occurs as fine euhedra in strongly sericitised wall rock, and as
larger euhedra within the vein. In places, pyrite is clearly veined and replaced by sphalerite and
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Figure 12.2 (above). High grade Au-only mineralisation. Both samples are of ½NQ core ~ 5cm in height.
See Table 12.1 and text for description. 1° and 2° in 2000363005G (2005G) refers to primary and secon-
dary veining event. A speck of visible gold was visible in the 2° part of the vein in adjoining section.
Figure 12.1 (opposite page). High grade Au + base metal mineralisation. All samples are of ½NQ core ~
5cm in height. See Table 12.1 and text for description.
galena, but there are some grains of sphalerite that appear to be inclusions rather than replace-
ments. Overall the textures show that pyrite was the first sulfide to crystallise in any quantity,
before galena and sphalerite became dominant. However, there is no significant time gap, as
there is no evidence for more than one significant vein event, indeed the later sulfides inter-
grow with euhedral quartz.
Sample 2221C is from a ~30 cm wide zone of nearly-massive stringer sulfide, interpreted to
occur within the main plane of movement on the Perseverance fault/shear zone. It comprises
pyrite, sphalerite, galena, quartz, carbonate, and gold. It occurs in a wide zone of intensely
altered granite, which includes sample 2221A above.
12.3.2 High Au, Low S (Figure 12.2)
Sample 2005G is from quartz vein occurring in a ~2 m long intersection of moderately SQP-
altered Paxton monzogranite. Mostly, the vein is comprised of one generation only, but a thin
section sample shows a younger quartz vein running through the centre of the older vein:
both generations of quartz veins have very narrow chlorite selvages. The vein carries small
amounts of pyrite, galena and sphalerite, and a speck of gold is visible in one part. This inter-
section is from the northern part of the Perseverance mineralised zone.
Sample 2205 is from drill hole TCD013 that intersected the southern extension of the NNW-
trending quartz reefs host to much of the gold in the Tarcoola Blocks mining area (Figure
10.4). A 1 to 5 mm wide Au-pyrite-calcite-quartz-chlorite vein within sericitised and chlori-
tised siltstone was assayed at 277 g/t Au over 1 metre. This is by far the highest grade assay
result known from the goldfield. The vein occurs in a narrow 4 cm-wide brecciated zone, and
there is very little other veining or alteration nearby this zone.
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Figure 12.3. Lower grade Au, high grade base metal mineralisation. Both samples are of ½NQ core ~
5cm in height. Sample 2000363014 is of 10cm wide milky quartz vein with fine-grained sulfides. Sample
2211Cshows a galena-sphalerite-pyrite-quartz vein that contains very little gold. See Table 12.1 and text
for additional descriptions.
12.3.3 Low Au, High S (Figure 12.3)
Sample 2014 contains a ~10 cm wide milky quartz vein which includes clasts of wallrock. Sul-
fides are fine-grained and disseminated or blebby rather than veined. This vein occurs about
10 m away from the highly mineralised zone of fault repetition in GP005D.
Sample 2211C also occurs in GP005D about 50 m above the zone of fault repetition. The
sample includes a 3 cm wide vein of ~70 % galena with sphalerite, pyrite and quartz. The host
is a medium-grained brittly deformed felsic granite. The vein margin is not linear, with both
incursion of vein material into fractures in the host rock, and inclusion of host rock fragments
in vein quartz and sulfide. In the vein, quartz and sulfides are intergrown, with some quartz
being euhedral. Very fine-grained intergrowths of quartz and chlorite are also intergrown with
the sulfides. Galena is the dominant sulfide, and relatively minor sphalerite is intergrown.
Very minor pyrite and arsenopyrite are partially replaced by galena. Galena and some of the
vein quartz are coarse grained.
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Figure 12.4. Low grade Au and base metal mineralisation. Sample 2007A (top) is of strongly sericite-
quartz-pyrite altered Paxton monzogranite. The other two samples are of siltstones of the Fabian Quartz-
ite. All samples are of ½NQ core ~ 5cm in height. See Table 12.1 and text for sample details.
12.3.4 Low Au, Low S (Figure 12.4)
Sample 2007A is taken from hole GP033RD, near the centre of the Perseverance mineralised
zone. It is a strongly hematite-magnetite (HM: Chapter 13) altered granite, overprinted by
strong SQP alteration, then later veined by carbonate ± fluorite. Pyrite occurs as fine to
medium sized euhedra disseminated in mats of sericite, and in fine veins. This sample has a
very fine fracture network, allowing pervasive alteration of the entire sample.
Sample 2202J is from drill hole TCD005 that intersected NW-trending structures east of the
Tarcoola Blocks mine area (Figure 10.5). In this sample pyrite occurs as disseminations in
clasts of shale and in veinlets in the host banded siltstone. Later carbonate veining crosscuts
the pyrite veinlets. This and other nearby NW-trending structures host low-grade mineralisa-
tion only, and this suggests that these structures were not open to as large volumes of hydro-
thermal fluid as those in the Tarcoola Blocks mine area.
Sample 2206F is from the upper parts of GP002D, and is a veined and slightly brecciated silt-
stone of the Fabian Quartzite Member. It is near the southern end of the Perseverance miner-
alised zone. Multiple generations of quartz veins with chloritic selvages crosscut the sample,
and these carry minor sulfides.
12.4 CONTROLS ON MINERALISATION
Figures 12.5, 12.6 & 12.7 show the distribution of Au, Pb and Zn in the Perseverance deposit.
From these figures it can readily be seen that the base metals are related to the gold mineralisa-
tion, even though there is some variation in grades. Thus there is no metal zonation within the
Perseverance deposit.
12.4.1 Structure
Structure is the main control on localisation of mineralisation. Most mineralisation is vein-
hosted, and as discussed in Chapter 11, veining is structurally controlled. Even in samples
with disseminated mineralisation, the strong to intense alteration of these samples is related to
degree of deformation.
12.4.2 Proximity to Lady Jane Diorite
Although the Lady Jane Diorite is coeval with mineralisation (Budd & Fraser 2004, Chapter
15), and may have contributed Nd to high-grade ore (Chapter 17), there is not a strong spatial
relationship between the dykes and mineralisation.
12.4.3 Wall-rock composition
Wall-rock composition does not appear to exert much control on mineralisation, with high
grade mineralisation occuring in several rock types (Table 12.1). The exception is the descrip-
tion of Daly et al. (1990) that records show rich gold values were obtained from the Tarcoola
Blocks mining area where quartz veins crosscut carbonaceous siltstones.
   
  	
    
  
12.4.4 Permeability
Most mineralisation occurs in veins or narrow zones of intense alteration; hence there is little
evidence for widespread fluid migration through permeable horizons. The exception to this is
the younger base metal mineralisation (Section 12.5). Drilling by Anglogold in 2001–2002
tested theoretical targets including sediment replacement models, and showed that these
styles of mineralisation did not develop.
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Figure 12.5. Plan of drilling at Perseverance showing distribution of gold grades. Data from Grenfell
Resources.
12.4.5 Depth
The drilling at Perseverance intersects mineralisation over about 300 vertical meters. There is
no evidence of differences in mineralisation correlated to depth. All veining is brittle.
12.4.6 Zoning
Within the Perseverance deposit there is no evidence of metal zonation. Figures 12.5, 12.6 &
12.7 show that there is generally a good correlation between Au, Pb and Zn mineralisation.
Figure 12.8 is of the soils and rock chip sample database of Anglogold. Au, Pb and Zn are
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Figure 12.6. Plan of drilling at Perseverance showing distribution of lead grades. Data from Grenfell
Resources.
plotted together (Pb is offset from Au, and Zn is further offset from Pb). This figure shows,
notwithstanding considerations of hydromorphic dispersal and other regolith conditions, that
Au, Pb and Zn behave more or less coherently.
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Figure 12.7. Plan of drilling at Perseverance showing distribution of zinc grades. Data from Grenfell
Resources.
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Figure 12.8 (above). Plan of soils and rock chip geochemical sampling by Anglogold. Au, Pb and Zn data
shown for each sample location, with the coloured symbols for each element slightly offset (see legend).
This plot shows that Au, Pb and Zn behave mostly coherently within the regolith at the Tarcoola
Goldfield.
(Figure 12.9 continued) The thin section samples (right column) are approximately 1.5 times actual size.
Samples 2201E and 2201D (top and second top right) show the poikilitic nature of the disseminated spha-
leritegrains; galena has a similar habit. Samples 2202H and 2201F (second from bottom and bottom right)
show the coarse zoned sphalerite growing in veins adjacent to shaley units.
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Figure 12.9. Younger disseminated Pb-Zn mineralisation. This mineralisation is seen outcropping in two
ridges of quartzite on the southern side of the Tarcoola Ridge, slightly east of the Tarcoola Blocks mine
area (top left). The hand sample specimens (middle and bottom left) are approximately twice actual size.
Sample 2202G display abundant fluorite with the disseminated sphalerite and galena, as well as preferen-
tial sphalerite growth along the stylolite.
( Caption continued on previous page).
12.5 YOUNGER DISSEMINATED BASE METAL MINERALISATION
A few hundred meters east of the Fabian underlay shaft (Figure 10.4) disseminated sphalerite
± galena is found in fine- to medium-grained quartzite (Figure 12.9). Kneeshaw (2003) notes
that this mineralisation style intersected in drilling elsewhere in the goldfield is largely con-
fined to porous rocktypes (typically quartzite) adjacent to steep NE and NW trending faults.
The quartzite host are variably sericite altered. Metal grades are a maxiumum of 0.5% Cu, 3%
Pb and 3% Zn (Kneeshaw 2003).
Kneeshaw (2003) distinguished different occurrences for sphalerite and galena (Figure 12.9).
Galena occurs mostly as poikilitic grains within quartzite, whereas sphalerite also occurs as
poikilitic grains, but is more common as zoned crystals at the margins of thin shale interbeds
or clasts within quartzite. Kneeshaw (2003) suggests that the shale was a geochemical catalyst
for the growth of sphalerite. Poikilitic graines of sphalerite within the quartzite are generally a
honey-brown colour, whereas the grains which have grown adjacent to shaley units are com-
monly zoned, comprising a light coloured centre (yellow to bone-white: Zn-rich) that grades
out to a dark coloured grain margin (brown to black: Fe-rich) (Kneeshaw 2003). Fluorite also
sometimes occurs with the sulfides as poikilitic grains or in veins (Figure 12.9).
The sulfides and fluorite either grew by preferential replacement of the matrix between the
relatively coarse quartz grains within the quartzite sometime after diagenesis, or at the same
time as the matrix quartz was deposited during diagenesis. Lead isotope analysis of two sam-
ples of disseminated galena in quartzite suggests that the galena is ~100 Ma younger than the
gold-associated galena (Chapter 17). This age can only be an estimate based on an assumed Pb
growth curve, however shifting the properties of a curve (such as  value) to force-fit these
samples to an older age requires unreasonable values. D. Huston (pers. comm.) states that such
disseminated mineralisation in quartzites does occur post-diagenesis at temperatures below
those expected to disrupt the Ar-Ar system. An age ~100 Ma younger than that of the gold
mineralising event (~1580 Ma) requires that fluid was actively circulated through the
NE–NW structures host to gold mineralisation, and out along relatively porous lithologies,
whereas these lithologies show little evidence of alteration during the higher-temperature
gold mineralising event.
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13.1 INTRODUCTION
The dominant monzogranite phase of the Paxton Granite is mostly uniform, providing a
good medium to study the effects of alteration. This study of alteration at Perseverance has
therefore been focused on this lithology. Visually stark alterations are evident in hand sample
but are not readily discernible in whole rock chemistry, showing that there has been little
material exchange into or out of these altered rocks, until very intense levels of alteration are
reached.
Three types of alteration of the Paxton Granite are observed. They are named by the domi-
nant alteration mineral(s). They are: (1) hematite-magnetite (HM); (2) sericite-quartz-pyrite
(SQP); and (3) chlorite. The chlorite-dominated alteration is restricted to quartz monzonite,
and is thought to be caused by the same fluids that caused SQP alteration of the monzogran-
ite. The difference in alteration mineralogy between the two lithologies reflects host rock
composition.
13.2 ALTERATION MINERALOGY
The mineralogical changes caused by alteration are discussed first below, followed by altera-
tion geochemistry.
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Figure 13.1. Demonstration of differing alteration of the Paxton monzogranite observable in hand sample.
Unaltered sample at left. Overprinting of HM alteration by SQP alteration produces a wide variety of
appearances. All samples of ½ NQ drill core, ~5 cm width.
13.2.1 Paragenesis
The HM alteration is the earliest, affecting most parts of the Paxton Granite to varying
degrees, and is not related to mineralisation. The SQP alteration can be seen to overprint the
HM alteration, and is more restricted in occurrence. The SQP alteration is related to gold ±
base metal mineralisation. The interplay between differing intensities of SQP alteration over-
printing HM alteration results in a wide variety of appearances in hand specimen (Figure
13.1). The intensity of both styles of alteration is strongly dependent on the degree of
fracturing.
Figure 13.2 shows the paragenetic sequence for alteration and mineralisation of the monzo-
granite. Four episodes of veining are identified. The earliest is the magnetite-chlorite-quartz
veining which is only seen in the main phase of the Paxton monzogranite. This veining is
thought to be part of the intense HM alteration, and may be related to deuteric cooling of the
granite. It predates the deposition of the Tarcoola Formation, and therefore predates D1. The
second veining event is the quartz + sulfide veining of the main gold mineralising event. This
brittle veining is associated with sericite-dominated alteration of wallrock, and is probably
controlled by the northeast-northwest conjugate fracture set. It is closely followed by the
third veining event, which is comprised of thin carbonate-fluorite veins barren of gold. These
two veining events occurred during D2. The final veining event postdates the gold mineralisa-
tion, and comprises thick barren milky-white quartz veins in a northwest oriented direction.
This event is correlated with D3.
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Figure 13.2. Paragenetic sequence for the various stages of alteration, veining and mineralisation of the Pax-
ton monzogranite, Perseverance deposit. Thickness of line approximates the relative quantities of minerals
being deposited. SQP post-dates HM alteration, but it is not known by how much. The fourth veining event
is possibly associated with D , and is ~100 My after the gold mineralisation, based on Pb-Pb dating.
13.2.2 Hematite-magnetite (HM)
This alteration is marked by reddening of feldspar via hematite crystallisation in microfrac-
tures (Figure 13.2). Most samples of the Paxton Granite have some degree of this 'pinking'.
More intense alteration is caused by stronger microfracturing. Microfractures in quartz result
in trails of secondary fluid inclusions, and these become so numerous that the quartz becomes
milky white rather than glassy in hand sample. Biotite and hornblende are altered to magnet-
ite+chlorite+quartz, and this causes an increase in magnetic susceptibility. Alteration of the
ferromagnesian minerals causes the grain boundaries to become diffuse, which in hand sam-
ple gives these minerals a more pronounced appearance. Plagioclase is moderately sericitised
as well as being hematite-dusted, and only in the least altered samples is it possible to make out
twinning under crossed polars. Other minerals, including titanite, apatite, zircon and allanite
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Figure 13.3. Hematite-Magnetite (HM) alteration of the Paxton monzogranite. The red colour of these
samples is caused by hematite dusting of feldspars, introduced along microfractures. Whitening of quartz
is caused by abundant micro-fluid inclusions, and blackening of biotite & hornblende is caused by altera-
tion to chlorite+magnetite+quartz. This alteration generally causes an increase in magnetic susceptibility.
In some samples such as 2218C (bottom), magnetite veins up to 2cm wide are formed. This is the first
alteration to have affected the Paxton Granite, and is thought to be caused either during cooling of the
Paxton Granite, or by later intrusion of the Lady Jane Diorite.
are mostly unaffected by moderate levels of this alteration. The coexistence of magnetite and
hematite indicates that this alteration must be close to the hematite–magnetite redox buffer
(Wones 1981). Minor pyrite is introduced along microfractures.
13.2.3 Sericite-quartz-pyrite (SQP)
SQP alteration is intimately spatially associated with gold and base metal mineralisation. The
intensity of alteration can be correlated with microfracturing and brecciation (Figure 13.3).
Changes visible in hand sample as a result of weak alteration include: a distinct green tinge to
the rock, mostly brought about by sericite replacement of plagioclase; quartz is made opaque
and milky white; biotite and hornblende are replaced by chlorite, lose their sharp grain
boundaries, and become black; and fracturing and veining increase. Titanite is altered, and is
replaced by rutile or anatase which forms weakly reflective opaque masses (in thin section)
roughly pseudomorphing the original titanite. Magnetite is lost; this alteration is marked by
near-zero magnetic susceptibility in even slightly altered granites. Minor pyrite is introduced
along microfractures.
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Figure 13.4. Sericite-Quartz-Pyrite (SQP) alteration of the Paxton monzogranite. The samples presented
here represent a weak intensity of this alteration, with little quartz or pyrite addition. Sericite replaces pla-
gioclase, and together with chlorite replaces biotite and hornblende. The reddening/pinking of K-feldspar
in sample 2002B (top) & 2003G (middle) was caused by earlier HM alteration.
More intense SQP alteration results in total replacement of plagioclase by sericite; replace-
ment of chlorite by sericite; growth of fine anhedral titanite; and possibly the dissolution and
regrowth of zircon. K-feldspar remains mostly stable, although it becomes strongly fractured.
Pyrite is a common addition, and may indicate that sulfidation of Fe-bearing minerals contrib-
uted to decreasing the solubility of gold in the altering fluid (Mikucki 1998). This more intense
alteration is correlated with increased veining and brecciation. Quartz and sulfides (pyrite,
galena, sphalerite) are the dominant vein and infill minerals, but chlorite and epidote are com-
mon. Calcite and fluorite are often associated with this alteration, but texturally post-date
quartz, sericite and sulfide minerals.
Intense SQP alteration is often associated with anomalous gold values, and historical records
suggest that altered granite was mined for disseminated gold (Daly et al. 1990). However, high-
grade gold is only found in veining, including in narrow quartz veins in granite with almost no
alteration selvages (e.g. sample 2005G).
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Figure 13.5. Overprinting of HM alteration by SQP alteration. 2007A (top) is of intense SQP alteration
overprinting intense HM alteration, including anomalous Au. 2011 (middle) is of intense SQP alteration
overprinting intense HM alteration, with additional calcite-fluorite, but with little Au. 2206J (bottom) is
of moderately intense SQP alteration overprinting moderately intense HM alteration.
Figures 13.3 & 13.4 show some of the variations seen in this style of alteration. The intensity
of alteration is strongly linked to fracturing, but the final appearance of alteration depends
also on the previous intensity of HM alteration.
The presence of sericite as the dominant alteration mineral in the early stages of this alteration
mean that is may be classified as phyllic (c.f. Figure 4.1 of Corbett & Leach 1997). This indi-
cates near neutral to slightly alkaline pH, and moderate temperature. More intense alteration is
dominated by quartz, which may indicate decreased pH (more acidic), and this may be classi-
fied as advanced argillic.
13.2.4 Chlorite (CHL)
This alteration is minor in occurrence. Four representative hand samples were taken from
drill hole GP098RD. Samples 2010A, 2010C and 2010D have little quartz (Figure 13.5),
whereas 2010B is more typical of the Paxton monzogranite. The variation seen within these
four samples is thought to be due to sample heterogeneities. These samples are adjacent to an
intense 'phyllic' (a variant on SQP) alteration zone.
Chlorite is the dominant alteration mineral of the altered granite samples with lesser quartz,
and as with the other styles of alteration, the degree of alteration depends on microfracturing.
Minor sericite is present. Titanite is altered to very fine-grained, mostly opaque aggregates.
Magnetite is mostly broken down with no clear replacement mineral, and all four samples
have low magnetic susceptibility values of ~0.2 x 10-3 SI units. K-feldspar is microfractured,
and its salmon pink colour in hand sample shows the presence of minor hematite. Some chlo-
rite is also introduced along the microfractures. Plagioclase is variably sericitised, but is rela-
tively unaltered in comparison to the SQP style of alteration.
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Figure 13.6. Chlorite alteration of quartz-poor Paxton Granite (possibly quartz monzonite). Pinking of K-
feldspar was caused by earlier HM alteration. This is a relatively rare alteration style, and shows that host
rock composition is a control on the alteration products of the hydrothermal fluid that caused SQP altera-
tion in monzogranite samples.
Chlorite has completely replaced biotite and hornblende in samples 2010A, B & C. Zircon is
highlighted by radiation-damage halos. Altered titanite also shows this. Calcite is present in
2010B & C. In all of these samples, veining is network-style, rather than crosscutting.
This alteration style differs from the SQP alteration of monzogranite because of the quartz-
poor nature of the host rock. Both alteration types are presumed to be caused by the same
hydrothermal fluid.
13.2.5 Alteration of the Lady Jane Diorite
Chlorite is the most common alteration mineral of the Lady Jane Diorite. In the least altered
samples such as 2008A where hornblende and magnetite are mostly pristine, chlorite has
replaced what is presumed to be glassy or fine-grained groundmass. Chlorite commonly
replaces hornblende and pyroxene. Epidote and calcite are also common alteration minerals
in more strongly altered samples. Hematite commonly dusts feldspar/granophyre rims to
amygdales. Euhedral pyrite is observed in sample 2009A. The different alteration mineralogy
is interpreted to reflect the influence of host rock composition during alteration, rather than
being caused by a different fluid to that which altered the Paxton granites.
13.2.6 Distribution of alteration types
Eight diamond drill holes in the Perseverance deposit were logged with an emphasis on
recording alteration mineralogy, fracture intensity, veining intensity and composition, sulfide
content, and magnetic susceptibility. This information is presented diagramatically in Figures
13.7 to 13.12.
Magnetic susceptibility measurements were taken at approximately every 30–40 cm in the
granite and diorite intersections. A hand-held digital kapameter was used, and all measure-
ments were made on the flat half of NQ core removed from the core trays. Where possible,
veins were avoided. Magnetite veins were recorded separately. The lines plotted on Figures
13.10 & 13.12 are the average values of three measurements on each sample.
Drill hole logging at Perseverance has shown the relationship between fracture intensity and
alteration intensity (see earlier this section). There is no apparent relationship between the
HM alteration and mineralisation. There is a relationship between intensity of SQP alteration
and some mineralisation. The very high grade intersections in holes GP002D and GP005D
occur in very intensely SQP altered sections of granite. The minor, lower-grade disseminated
style of mineralisation (Chapter 12) is found associated with moderately to intensely SQP
altered granite. Quartz vein hosted mineralisation crosscuts all lithologies with very narrow
alteration selvages of generally < 1m.
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Figure 13.7. Plan of selected diamond drill holes at the Perseverance deposit, Tarcoola Goldfield, show-
ing distribution of lithologies. Data from Grenfell Resources. Cross section traces shown in dotted green,
with surrounding dotted grey box showing the width of data projected off section. The NNE–SSW section
(Figures 13.9, 13.10) approximates the trace of the Perseverance fault trend, which is the locus of miner-
alisation in the deposit. The WNW–ESE section (Figures 13.11& 13.12) approximates the trend of conju-
gate faults, and the intersection of the two fault sets has focused significant mineralisation. Where this is
oxidised in the weathered zone, the 'Bonanza' zone has been formed (Hughes 1998; see Figure 15.3). The
granite-sediment contact at surface has been approximated: it does not outcrop in this area.
A.R. Budd 253
Part III: Tarcoola Goldfield Chapter 13: Alteration
Figure 13.8. Plan of selected diamond drill holes at the Perseverance deposit, Tarcoola Goldfield, show-
ing distribution of Au grades. Data from Grenfell Resources. Cross section traces shown in dotted green,
with surrounding dotted grey box showing the width of data projected off section. Hughes (1998) identi-
fied a conjugate NE-NW fault set which controls mineralisation in the Perseverance deposit.
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Figure 13.9. NNE–SSW cross section along the Perseverance fault zone, looking west, showing distribu-
tion of lithologies. Drilling data from Grenfell Resources. Part of the apparent complexity of the Tarcoola
Formation – Paxton Granite contact on this cross section is caused by the ± 50 m projection of data from
the plane of the section, bounded by the dotted grey box on Figure 13.6. Hole GP005D contains a wedge
of Tarcoola Formation in granite, interpreted to be fault repetition.
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Figure 13.10. NNE–SSW cross section along plane of Perseverance fault, showing alteration of intrusive
units, Pb and Au assay results, and magnetic susceptibility. Drill trace and assay data from Grenfell
Resources. Magnetic susceptibility and alteration mapping this study. Zones of granite affected by HM
alteration and overprinted by SQP alteration are not differentiated, and the intensity of the overprinting
SQP alteration only is shown. Because of the different composition of the granites and diorites, the altera-
tion of the Lady Jane Diorite is different to that of the Paxton Granites. Magnetic susceptibility measure-
ments are an average of three readings, and are taken every 30–40 cm. In general, there is a good
correlation between Pb and Au mineralisation, and between magnetic susceptibility and lithology and
alteration. The ‘de-magnetisation line’ approximates the position above which magnetite is destabilised:
this is roughly parallel to the granite-sediment contact, which would possibly imply that fluid-flow was
localised along this contact. However, the position of this line may be an artefact of the drilling geometry.
The drilling was oriented to test the Perseverance fault zone, with ± 50m shown either side here: the de-
magnetised rocks may be within the alteration halo of the fault, the magnetic rocks may be outside this
zone. This interpretation implies fluid-flow localised along the Perseverance fault zone.
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Figure 13.11. WNW-ESE cross section across the Perseverance fault, looking north, showing distribution
of lithologies. Drill traces included ± 50 m off plane of section. Data from Grenfell Resources. This sec-
tion approximates the strike of NW–SE faulting conjugate to the Perseverance fault. It is oblique to the
strike of the Tarcoola Formation – Paxton Granite contact, which is part of the reason for the apparent
complexity of the contact as shown on this figure.
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Figure 13.12. WNW–ESE cross section across the Perseverance fault, looking north, showing alteration
of intrusive units, Pb and Au assay results, and magnetic susceptibility. Drill trace and assay data from
Grenfell Resources. Magnetic susceptibility and alteration mapping this study. Zones of granite affected
by HM alteration and overprinted by SQP alteration are not differentiated, and the intensity of the over-
printing SQP alteration only is shown. Because of the different composition of the granites and diorites,
the alteration of the Lady Jane Diorite is different to that of the Paxton Granites. Magnetic susceptibility
measurements are an average of three readings, and are taken every 30–40 cm. In general, there is a good
correlation between Pb and Au mineralisation, and between magnetic susceptibility and lithology and
alteration.
13.3 WHOLE-ROCK GEOCHEMISTRY AND MASS TRANSFER
Thirty-one whole-rock geochemical samples of intrusives were taken from diamond drill core
from the Perseverance deposit, Tarcoola. Two suites are present, the plutonic felsic Paxton
Granite, and the volumetrically small amygdaloidal high-K microdioritic Lady Jane suite of
dykes and sills. The Paxton Granite is host to much of the alteration and mineralisation at the
Perseverance deposit. The dominant coarse-grained hornblende-biotite-titanite monzogran-
ite phase of the Paxton Granite is remarkably uniform, and provides a good geochemical
study because of the range of least altered through to very strongly altered sections imposed
on a well-defined baseline.
In many places the Paxton monzogranite is visibly altered (examples are shown in Figure
13.1), yet the whole-rock chemistry shows little change, indicating chemical mobility at less
than sample scale. This is also seen in the Sm-Nd isotope system: sample 2007A has relatively
unchanged Sm-Nd isotope ratios compared to the least-altered sample 2004 (Chapter 17).
Similarly, lead has been increased threefold in sample 2007A compared to 2004, but the
207Pb/206Pb ratio of the added Pb was the same as that of the Paxton Granite at the time of the
addition (Chapter 17).
Thirteen samples of the Paxton monzogranite provide a good representation of the chemical
mass transfer during alteration at Perseverance (Table 13.1). From this table, Al2O3, Ce, Ga,
Nd, Sm and Zr were selected for constructing isocons (after Huston 1993). These elements
provide a range of geochemical behaviours, avoiding the problem of paired-element "immo-
bility" arising from using only geochemically-similar elements. Samples 2002A, 2003A and
2004 were chosen as "least altered" as they show the lowest loss on ignition (LOI) and have
the least evidence of alteration in thin section. The average of these three samples was taken as
the protolith, rather than a single sample, in order to minimise sample-size problems in these
coarse-grained granites. These three sample have an average density of 2.736 g/cm3.
13.3.1 Hematite-magnetite (HM)
Two samples of this alteration were analysed (Table 13.1). An isocon value of 0.998 ± 0.063
was calculated by the method of Huston (1993). This isocon value is within error of 1, i.e. no
mass change is indicated. The density of sample 2012 is within the range of least-altered sam-
ples at 2.732 g/cm3 (Table 13.1). The greatest changes include loss of CaO, Cd, F and Sr, and
significant gains of CO2, LOI, Au, magnetic susceptibility, with lesser gains of Bi, S, Sb and Ta
(Table 13.1 and Figure 13.13). There is a slight oxidation shown by an increase in Fe2O3/FeO
ratio (Table 13.1), but this may be within error of the titration method.
The hematite-magnetite (HM) alteration is thought to be related mostly to deuteric alteration
and not to mineralisation, is characterised by variable overall reddening and increase in mag-
netic susceptibility. There is a slight increase in Fe2O3, while FeO remains constant. Oxidised
iron is presumed to be stabilised in hematite and magnetite. The decrease in Sr and CaO is the
result of saussuritisation of plagioclase, while the slight loss of F is from the replacement of
both biotite and hornblende by chlorite+magnetite+quartz. The increase in LOI is probably
due to introduction of CO2, and the increase in S may be caused by some minor pyrite growth.
13.3.2 Moderate sericite-quartz-pyrite (SQP)
Seven samples of this alteration were analysed (Table 13.1), giving a calculated isocon of 1.015
± 0.024. This isocon value is within error of 1, i.e. no mass change is indicated. The density of
sample 2003G is within the range of least-altered samples at 2.727 g/cm3 (Table 13.1). Signifi-
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cant gains are seen in the volatiles including H2O
-
and CO2; and in MnO, Au, As, Cd and S
(Table 13.1 and Figure 13.13). Lesser increases are seen in K2O, Rb, Pb, Cu and Sb. Signifi-
cant losses are seen in magnetic susceptibility, Na2O, CaO, Sn, Sr and F. A slight but noteable
reduction is shown by a decrease in the Fe2O3/FeO ratio.
The loss of CaO, Na2O and Sr is due to the breakdown of plagioclase, and its replacement by
sericite causes an increase in K2O. The increased Rb probably substitutes for K in sericite, and
A.R. Budd 259
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Table 13.1. Analyses of selected samples of altered Paxton monzogranite. Major elements as oxide
weight percent, all trace elements as ppm except Au as ppb. Magsus is the median value measured on half
NQ core, in SI units x10 . Analyses conducted at Geoscience Australia, by the method of Pyke (2000).
The average of three least altered samples used for calculating the isocons is listed. Also listed is the
average percentage change in concentration ( C%) for the HM, SQP and advanced SQP (represented by
sample 2007A).
the increased Mn may be substituting for Al in sericite. The decrease is magnetic susceptibility
is the result of the breakdown of magnetite.
Sample 2007A represents a more intense stage of the SQP alteration. The isocon value is
1.034 ± 0.045, i.e. is within error of 1 and no mass change is indicated. This isocon and its
associated errors has been shown on Figure 13.13. The sample has a density of 2.805 g/cm3,
slightly higher than least-altered samples (Table 13.1). The relative density change of the
altered sample 2007A calculated by the equations of Huston (1993) is -6%, and the relative
dimensional change is -2%.
Significant gains are seen in Au (the sample has 473 ppb), Ag, As, Bi, Cd, Cs, S, Sb, Sc, Pb, Zn,
CO2, H2O
-
, LOI and CaO (Table 13.1 and Figure 13.13). Significant losses are seen in Na2O,
Ba, F, Sr and magnetic susceptibility. The Fe2O3/FeO ratio increases, but this may be due to
pyrite interfering with the titimetry measurement.
Titanium is mobile, as shown by the alteration of primary titanite and development of secon-
dary titanite with minor rutile and anatase, but is on a small scale only and is not lost from the
system. The observation of many small zircon grains in mats of sericite suggests that Zr also
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Figure 13.13. Isocon plot for representative samples of alteration of coarse-grained HBL-BT monzogran-
ite of the Paxton Granite, Perseverance deposit, Tarcoola Goldfield, following the method of Huston
(1993). Table 13.1 list the samples used for averages for the least altered, HM altered, and SQP altered
equivalents. Selected analytes from Table 13.1 shown. Elements considered as immobile during the
alteration of these samples and used for calculation of the isocon for each sample are in bold. The isocon
line for the strongly altered sample 2007A is shown, with associated errors. The mineralisation-associated
SQP alteration causes gains in metals and volatiles, and loss of magnetite and Na in particular.
has been mobile (see Chapter 14 regarding possibly hydrothermal growth of zircon), however
the abundance of Zr has not been changed from protolith, so as with Ti the mobility occurs
on a scale smaller than the sample size.
13.4 DISCUSSION & CONCLUSIONS
Mineralisation within the Paxton monzogranite is related to SQP alteration, and the intensity
of this alteration is related to the degree of brittle fracturing. SQP alteration is marked by
destruction of magnetite, plagioclase, biotite, hornblende, titanite and chlorite, and the
growth of sericite and pyrite. K-feldspar appears to be stable until extremely intense alteration
occurs. These mineralogical changes are reflected in the loss of Na, Ba, F and Sr, and gains in
Ag, As, Bi, Cd, Cs, S, Sb, Sc, Pb, Zn, and CO2, H2O
-
, LOI and CaO. No mass change occurs
at moderate-intense levels of alteration, but density increases slightly. The oxidation state can
not be estimated by direct measurement of Fe2+/Fe3+, but may be estimated from Figure
13.14: log fO2 is between -35 to -35 units, and pH is determined by the muscovite:K-feldspar
stability boundary, although this changes with aK+ (Henley 1984, Skirrow & Walsh 2002).
HM and SQP alteration are found separately as well as together, where SQP alteration appears
to overprint HM alteration, suggesting that the two alterations may be unrelated, but that SQP
is later than HM. HM alteration may be relate to deuteric cooling of the Paxton Granite,
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Figure 13.14. Log fO vs pH diagram showing possible conditions for the Perseverance ore fluid in relation
to phases in the system Fe-O-S-Si-Al-K at 300°C and 1500 bars, with excess water and quartz. Note that the
mineralogy considered is the alteration mineralogy related to the ore-bearing fluid, rather than a gangue
assembly. The phase boundary positions for the K silicates are shown for a  values of 0.001 and 0.01. The
topology of phase boundaries is also highly sensitive to variations in a . After Skirrow & Walshe (2002).
although this would require brittle fracturing of the granite shortly after solidification. Alter-
natively, the HM alteration may be a distal alteration.
Both of the HM and SQP alteration types are characterised by a few key mineralogical reac-
tions, listed in Table 13.2, with possible balanced equations. Without mineral chemistry of all
phases, approximations have had to be used for some mineral compositions. Some simple
reactions seen in the SQP alteration, such as calcite and fluorite growth, have not been
included. Also, some of the reactions seen in the HM alteration are also seen to occur in the
SQP alteration, including the breakdown of plagioclase to sericite.
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Hematite – Magnetite Alteration
1. Annite  magnetite + chlorite + quartz + albite + K O
3K Fe
 
Al SiO (OH) + 18H +1.5O   Fe Fe O + Fe FeSiAl O (OH) + 12SiO  + 6K + 4Al + 7H O
2. Phlogopite + quartz + H O  magnetite + chlorite + K O + O 
2K MgAl Si O (OH) + 8SiO  + 4H O  Mg SiAlO (OH) = 2K O + 15O 
3. Biotite + H + O   magnetite + chlorite + K + SiO 
2K FeMg Al Si O (OH) + 4H + 2O   2FeO + FeMgSi AlO (OH) + 6K + 16SiO 
4. Hornblende + H  magnetite + chlorite + Na + Ca + SiO  + H O + O 
4NaCa Fe	Mg	Si	Al	O  (OH) + 12H 2.66FeO+ FeMgSi AlO (OH)+ 4Na+ 8Ca+ 24SiO + 2H O + 0.68O 
5. Albite + K + H  muscovite + quartz + Na
3NaAlSiO
 + K

+ 2H  KAl (AlSiO)(OH)  + 6SiO  + 3Na
6. Anorthite + K + H + H O  muscovite + Ca + 0.75O 
3CaAl Si O
 + 2K

+ H + 1.5H O  2KAl (AlSiO)(OH)  + 3Ca + 0.75O 
Sericite – Quartz – Pyrite Alteration
7. Magnetite + H S  pyrite + H O + O 
2FeO + 6H S  6FeS + 6H O + O 
8. Titanite + H  rutile + SiO  + Ca + H O + O 
CaTiSiO	 + H

 TiO  + SiO  + Ca

+ 0.5H O + 0.25O 
Table 13.2. Possible balanced equations for some of the key mineral reactions seen in the Paxton monzo-
granite caused by the two dominant alteration types.
14.1 INTRODUCTION
Prior to this study, the only SHRIMP U-Pb age on zircon from granite at Tarcoola was
1578±7 Ma for sample R51677 (old PIRSA number 5836RS782) by Fanning (1997). This
study was therefore initiated on the understanding that the granite at Tarcoola was part of the
Hiltaba Association Granites. However, three other granitoids from Tarcoola dated by the
zircon SHRIMP U-Pb method in this study, provided intrusion ages of 1722–1715 Ma (Table
2.1). Fanning (pers. comm.) also dated an unaltered sample of the Paxton Granite at ~1708 Ma.
Extensive sampling of the Paxton Granite in the Perseverance deposit at Tarcoola provided
no evidence of two separate granite intrusive events. Furthermore,  Ar/Ar dating of horn-
blende from microdiorite and sericite from alteration provided a minimum age of ~1580 Ma
(Budd & Fraser 2004, Chapter 15), equivalent to the age of sample R51677. Sample R51677 is
located close to or within the Perseverance fault zone (Figure 15.1). Mineralisation and altera-
tion is centred around this fault zone, and all of the 1580 Ma sericite samples dated by the
 Ar/Ar method come from within this zone. Given the altered nature of sample R51677,
three possible origins for the zircons in sample R51677 must be considered: (1) magmatic,
from a minor felsic intrusive phase otherwise unseen in extensive core sampling; (2) inheri-
tance of zircon grains from granitic or dioritic wallrock with isotopic resetting; and (3) growth
from a hydrothermal fluid.
SHRIMP results show that as well as the U-Pb age difference, the two age populations of zir-
cons from Perseverance have different U, Pb and Th contents. A laser ablation inductively-
coupled plasma mass spectrometry (LA ICP-MS) study was conducted to further investigate
the chemical differences between the zircon populations, with the hope of being able to dis-
tinguish the origin of the 1580 Ma zircons of sample R51677.
14.2 SAMPLE SELECTION & DESCRIPTION
Zircon from three granites was analysed. Sample 2004 of the Paxton monzogranite was dated
at 1722.3 ± 3.9 Ma, and represents the majority of granite found in the Perseverance deposit.
Sample R15677 was provided by Dr Mark Fanning, is also from the Perseverance deposit, and
has an age of 1578 ± 7 Ma (Fanning 1997). The third sample (2167) is of the Kychering Gran-
ite which belongs to the HAG, was dated at 1574.0 ± 4.5 Ma. It occurs about 30 km to the
west of Tarcoola, and is described in detail in Chapter 6.
Sample 2004 was analysed as a possible parent to the sample of interest, R51677. Sample 2167
was analysed as a possibly representative sample of zircon from Hiltaba Association Granites
in the Wilgena Domain should be like. White (1995) and White et al. (2001) defined granite
suites as being derived from common sources under common anatectic conditions. There-
fore, it would be expected that zircons from individual granite plutons belonging to the one
suite should be similar. However, given the differences between the Hiltaba Association gran-
ites identified in Chapters 4–6, this single sample may not be representative of all of the HAG
in the Wilgena Domain, which has impacts on the types of conclusions that can be drawn by
this comparative study.
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Figure 14.1. Comparison of samples R51676 from drillhole TD001 (left) against samples of coarse-
grained HBL-BT monzogranite of the Paxton Granite, and R51677 from drillhole TD009 (right) against
samples of the syenogranite phase of the Paxton Granite. Confusion exists regarding which sample Fan-
ning (1997) analysed (see text).
There is some confusion over the sample locality of R51677. Sue Daly of PIRSA submitted
two samples to PRISE for SHRIMP analysis. The drillhole sampling form shows that sample
R51676 (old number 5836 RS781) is from 90.6 – 90.85 m depth in drillhole TD009, and sam-
ple R51677 (old number 5836 RS782) is from 36.0 – 36.35 m depth in drillhole TD001, both
from the Perseverance deposit. In a preliminary report to Daly, Fanning noted that zircons
from sample 5836 RS781 were too metamict for analysis, and that only samples 5836 RS782
was analysed. Fanning (pers. comm.) noted that this sample was from hole TD009. No thin sec-
tion was made of the samples, nor were hand samples kept. To try to resolve the issue of
which sample was analysed, Michael Schwarz (PIRSA) supplied hand samples from both sec-
tions of drillcore (Figure 14.1). R51677 (TD001) is "very weathered, ~30 cm below unconfor-
mity with Peela Conglomerate" (Schwarz pers. comm.). This weathering is part of a modern-day
profile. R51676 (TD009) is "very altered, qtz–sericite–?epidote. Stock work quartz veining.
~1m away from total obliteration of original igneous texture by alteration. ~2m away from
contact with shale" (Schwarz pers. comm.).
Figure 14.1 compares these two samples against others collected and analysed by the author.
The left hand column compares R51677 against samples of the coarse-grained HBL-BT mon-
zogranite phase of the Paxton Granite. The right hand column compares R51676 against
samples of the syenogranite phase of the Paxton Granite. While not conclusive, this suggests
that these samples are indeed part of the Paxton Granite. If Fanning's sample R51677 is from
TD009, then it is moderately to strongly affected by the hydrothermal alteration. If it is from
TD001, then it is moderately weathered, but also contains some veining possibly from the
hydrothermal alteration event, although it does not appear to be sericitised. Given that no
modern-day Pb-loss was recorded by Fanning (1997), it is more likely that the location is cor-
rect, but that the sample numbers have been mixed up, and that the analysed sample is from
the zone of alteration in drillhole TD009. For this study, sample R15677 is defined as the sam-
ple analysed by Fanning (1997), from location 90.6 – 90.85 m in TD009.
Sample R51677 is intensely altered, and consists of secondary quartz, seriticite, pyrite, chlorite
and calcite, with minor anhedral titanite. Some quartz and K-feldspar is possibly relict: no
other primary magmatic minerals are observed. This alteration is considered to be identical to
the SQP alteration of the Paxton Granite described in Chapter 13. The sample is moderately
brecciated, and the original composition and texture are impossible to quantify.
Fanning (1997) described the sample and results as below:
"A sample of coarse-grained granite was collected from drill. The zircons separated from this
sample are magmatic in origin, though enriched in U and metamict. SHRIMP U-Pb analyses
range from concordant to significantly discordant and it is clear that the inferred radiogenic
Pb loss did not occur at the present day. For the near to concordant data, a weighted mean
Pb/Pb age of 1578 ± 7 Ma is considered to give the timing of magmatic crystallisation
for this granite. It is clear that this granite is younger than the Tarcoola Formation."
Fanning (pers. comm.) also described the zircon character as:
"Twenty-five analyses were made on 17 grains in the course of two analytical sessions. The
metamict nature of the zircons gives rise to heterogeneous isotopic and trace element compo-
sitions even on the scale of the 20 m ion microprobe spot used for analysis. The analyses
consists of five scans through the mass spectrum and for many of the Tarcoola Granite zir-
cons the heterogeneity gives rise to considerable scatter of isotopic compositions from scan
to scan. Replicate analyses of the same grain give widely differing U-Pb ratios and radiogenic
Pb isotopic compositions.
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Figure 14.2. Optical (left) and cathode luminescence (right) images of zircon grain mounts.
"This may have been attributable to a varied initial common [Pb] modified by post crystallisa-
tion hydrothermal fluids. However, a Pb isotope study of the Tarcoola Goldfield demon-
strated a very uniform ... common Pb isotopic composition. This composition has been used
for initial common Pb for the zircon analyses.
"Despite suspected heterogeneous common Pb the areas analysed are high in U ranging from
about 500 to 3000 ppm. Thus the areas are dominated by radiogenic Pb and despite high com-
mon Pb as seen by  Pb contents ... the radiogenic compositions are little affected by any
assumptions regarding the common Pb isotope composition.
"Grains with anomalous reversely discordant areas were analysed again during the second ses-
sion and give more reasonable analyses. Anomalously reversely discordant U-Pb results for
zircon have been recorded for the Olympic Dam granitoids (Mortimer et al. 1988b). In that
situation hydrothermal alteration and associated barite gave rise to excess Pb and one may
invoke a similar simplistic assumption to the current analyses.
"In short the zircons from the Tarcoola Granite are heterogeneous and this is assigned to post
igneous hydrothermal alteration, enhanced by high U content and metamict nature of the zir-
con. There is no evidence for older inherited zircon, rather the dominant cluster of analyses
indicate a simple zircon crystallisation at about 1570 – 1590 Ma. Later hydrothermal effects
give rise to significant loss of radiogenic Pb and so there is an array of Pb-loss defining a chord
from 1570 – 1590 Ma and also considerable scatter on the younger side of that chord. The lat-
ter may indicate a series of events or a protracted period of at least partially open system
behaviour."
Cathodoluminescence (CL) images were made after the zircons had been analysed by LA
ICP-MS, and many years after they had been analysed on SHRIMP. Most of the zircons have
very little internal structure, with oscillatory zoning only seen in the cores of a few grains (Fig-
ure 14.2). Fanning (1997) did not note any inheritance (i.e. old ages) in his SHRIMP analyses,
and all of the analyses had high U; this raises the possibility that the lower-U, non-metamict
parts were not analysed.
Figure 14.2 shows optical and cathodoluminescence images of grain mounts of the three zir-
con samples above, and also zircons from sample 2008B, from the syenogranite phase of the
Paxton Granite. Note that the images of 2167, 2004 & 2008B are approximately the same
scale, while those of R51677 are 1.7 times more magnified. The image pairs are matched for
field of view and magnification. The laser ablation pits are evident in R51677. The CL image
of R51677 shows a general lack of oscillatory zonation, which is a hint of the high-U nature of
most of the grains. The grains from R51677 are approximately the same size as those from the
other granites in this figure, which means they are about 60% of the actual size of the other
samples. These zircons are also generally more metamict, including being more fractured
(which may be part of the reason why they are generally smaller), and have less regular shapes.
Another sampling issue is that only a very small mass of material was sampled. This is espe-
cially a problem for SHRIMP U-Pb zircon method as it is normal practise to discard metamict
samples during the zircon separation process, as metamict grains are far more susceptible to
alteration than non-metamict grains (see later sections 14.4.2 & 14.4.3), resulting in discordant
results. Culling of metamict zircons may not have been done in this case.
Other samples of altered Paxton monzogranite contain abundant zircon within sericite mats
(Figure 14.4). This could be relict 1722 Ma zircon where sericite has replaced ferromagnesian
minerals and plagioclase which commonly host zircon in unaltered granite. However, if this
was the case, and sample R51677 was an overprinted Paxton Granite, then inheritance would
be expected to be seen in the SHRIMP and LA ICP-MS data. It is suggested that the zircon
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seen in sericite mats in the altered granite samples has been grown during the hydrothermal
event.
14.3 RESULTS
This work shows that the two magmatic zircon populations (2004 & 2167) are similar, but
have distinctly different chemistry to zircon R51677. Zircon from sample R51677 is generally
higher in all REE, Pb, Sr, Mo, Th and U. R51677 has zirconium contents similar to 2004 &
2167 (Table 14.1). This is important to verify that the high values for other elements (Pb, Th,
U, REEs) is not a function of a change in the Zr/Si ratio during alteration as noted by Trocel-
lier & Delmas (2001). Such a change may affect the calculated concentrations of elements
other than Si as the analysis is normalised against an assumed stoichiometric composition of
Si.
Heaman et al. (1990) and Belousova et al. (2002) present chemical data on zircons from a wide
range of igneous rocks. Both sets of authors identified several chemical trends in zircons that
may be related to the composition of the host magma: for example, Y, Th, U and Ta contents
of zircons increase in more felsic magma compositions.
Speer (1980) and Belousova et al. (2002) state that many elements behave coherently in zir-
cons because they participate in a coupled substitution in the zircon crystal structure. For
example, phosphorous concentrations show a positive correlation with Y and total REE con-
tent over a wide range of zircon composition from different sources, reflecting the substitu-
tion: (REE, Y) + P	 = Zr  + Si  (Speer, 1980; Belousova et al. 2002). Niobium and Ta
correlate positively with Y, REE and Fe, indicating (REE, Y) + (Nb, Ta)	 = >2Zr  and
(REE, Fe) + (Nb, Ta)	 = >2Zr  coupled substitutions (Speer, 1980; Belousova et al.
2002). The coupled substitution of REE and P into the zircon structure results in high REE
abundances in zircon, and the large range of REE concentrations distinguishes zircons of dif-
ferent [igneous] origin (Speer, 1980; Belousova et al. 2002). There is a progression from low
values in mafic rocks to high values in felsic rocks which reflects the degree of whole rock
fractionation (Belousova et al. 2002, Heaman et al. 1990).
Because the ionic radii of the REE decrease from La to Lu the substitution in to the zircon
lattice becomes progressively easier for the REE of higher atomic number (Belousova et al.
2002). Typical chondrite-normalised REE patterns increase from Sm to Lu, and in general the
Yb/Sm ratio shows a positive correlation with Y content, reflecting the degree of host rock
fractionation (Belousova et al. 2002).
Uranium and Th substitute directly for Zr; however, they both show a positive correlation
with Y, as well as with REE and P (Belousova et al. 2002).
The REE show some differences amongst the three samples analysed here. However, U, Th
and Pb are the elements which are most noticeably elevated in the zircons of sample R51677
compared to those of samples 2004 & 2167. Other differences are noted below.
Y vs U (Figure 14.3A): Zircons from both Kychering & Paxton plot in the granodiorite field of
Belousova et al. (2002). On this graph zircons from R51677 plot mostly in the aplite & leuco-
granite field. They have higher U & Y than Kychering & Paxton, which have similar amounts
to each other.
Ce/Ce* vs Eu/Eu* (Figure 14.3B): Eu/Eu* is a measure of Eu anomalism, and is calculated as
chondrite normalised values of Eu/(Sm+Gd). Eu is less compatible in zircon than Eu
(Rollinson 1993), but in relatively oxidised granitic melts Eu is dominant and partitioned
into plagioclase during magmatic evolution (Belousova et al. 2002). Ce/Ce* is a measure of Ce
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Figure 14.3. Plots of zircon chemistry. Fields in A, B, C & D from Belousova et al. (2002). Eu/Eu* = Eu 
/ (Sm +Gd )/2. Ce/Ce* = Ce  / (La  + Pr )/2. Chondrite normalisation values of Taylor & McLennan
(1985).
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Figure 14.3 (continued). Plots of zircon chemistry. J: Chondrite normalisation values of Taylor & McLen-
nan (1985).
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anomalism, and is calculated as chondrite normalised values of Ce/(La+Pr). Belousova et al.
(2002) note that a positive Ce anomaly (as shown by Ce/Ce*) is common to most zircons.
When Ce is oxidised to Ce , it behaves more like Zr or Hf, and is thus preferred by zircon
over the LREE (Belousova et al. 2002).
Zircons from both the Paxton and Kychering Granites show considerable scatter. The
Kychering zircons have a consistent Eu/Eu* ratio, but with a strongly variable Ce/Ce* ratio,
as also seen in Figure 14.3D. The Paxton monzogranite zircons have slightly lower values but
a broader range of Eu/Eu* than the Kychering Granite zircons, and a similar spread in
Ce/Ce* values. Zircons from R51677 have a narrow range of values for both Eu/Eu* and
Ce/Ce*, and are slightly lower than both the Paxton and Kychering Granite zircons. A
smaller value of Eu/Eu* indicates a larger relative Eu anomaly.
Y vs (Yb/Sm)  (Figure 14.3C): The Yb/Sm ratio is a measure of relative enrichment of the
LREE versus HREE. Most of the analyses of the Paxton and Kychering Granites plot within
the granodiorite field of Belousova et al. (2002). Zircons from R51677 also mostly plot in the
granodiorite field, but have higher Y and a lower Yb/Sm ratio.
Y vs Ce/Ce* (Figure 14.3D): Belousova et al. (2002) found a general positive correlation
between the amplitude of the Ce anomaly and Y content in zircons of all igneous types, except
for the granitoids which have weak Ce anomalies and lie off the main trend. Both the Paxton
& Kychering zircons show considerable scatter in Ce/Ce*. This is also seen in the variable
size of the Ce anomaly in the spidergram (Figure 14.3J). They generally plot in the granodio-
rite field of Belousova et al. (2002). R51677 mostly plots in the granodiorite field, with some
overlap into the field of more fractionated granites, and generally has lower Ce/Ce* and
higher Y than the other two granites.
Y vs Th (Figure 14.3E): All three zircon populations show considerably more scatter on this
plot than on the Y vs U plot, indicating that Th does not behave as similarly to Y as U does.
Y vs Eu/Eu* (Figure 14.3F): Belousova et al. (2002) suggest that the depth of the Eu anomaly
is correlated with Y content. Zircons from sample R51677 have the lowest Eu/Eu* values (ie
largest Eu anomaly) and highest Y concentrations of the three samples. The Paxton zircons
have the lowest Y concentrations and intermediate Eu/Eu* values, while the Kychering
Granite zircons have the highest Eu/Eu* values and intermediate Y concentration.
Y vs Yb (Figure 14.3G): Zircons from the Paxton monzogranite have low Y and Yb, and show
a linear correlation of increasing Y with increasing Yb. Zircons from the Kychering Granite
have slightly higher Yb but similar Y to the Paxton zircons, and show a little more scatter. The
zircons from sample R51677 have both higher Yb and Y, and although they too show an
approximately linear correlation between Y & Yb, there is some scatter.
Eu vs Ce (Figure 14.3H): Analyses from the three zircon samples define a relationship of
increasing Eu with increasing Ce. The Paxton monzogranite zircons have the lowest Ce & Eu,
while there is considerable overlap between Kychering Granite and sample R51677 zircons.
Hf vs Ce (Figure 14.3I): The Paxton and Kychering Granite zircons have similar concentra-
tions of Hf, while sample R51677 zircons are slightly higher.
REE Spidergram (Figure 14.3J): The Paxton and Kychering Granite zircons generally have
similar patterns, with the Paxton zircons having generally slightly lower REE abundances,
especially Eu. There is a component of the Kychering Granite zircons that have higher
LREE, and this is also seen in the Ce/Ce* ratio (Figures 14.3B & D). This is a magmatic fea-
ture rather than due to metamictisation, as there is no relationship between U and Ce/Ce*, or
Y and Ce/Ce*.
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P vs REE+Y (Figure 14.3K): There is a coupled substitution of REE and P into the zircon
structure (Speer 1980, Belousova et al. 2002). The zircon analyses here show this trend of
increasing REE+Y with increasing P. The Paxton zircons have the lowest concentrations of P
and REE+Y. Generally, the R51677 zircons have the highest REE+Y and P, however, some
of the Kychering Granite zircons have high P concentrations that sit above the trend.
P vs Ca (Figure 14.3L): There is generally a poor correlation between P and Ca, except for the
high P zircons of the Kychering Granite noted above. This indicates that the unusually high
concentration of P in these zircons are due to apatite (Ca	(PO )(OH,F,Cl)) inclusions. Apa-
tite has a higher partition coefficient for the LREE than zircon (Rollinson 1993), and this
probably explains the higher LREE in some of the Kychering zircons. Xenotime (YPO )
inclusions are ruled out as there is no correlation between P and Y in these analyses.
HREE vs LREE (Figure 14.3M): The LREE content of the zircons increases in proportion to
the HREE content (this is also seen in the REE spidergram Figure 14.3J). However, zircons
from sample R51677 have higher HREE contents than the other two zircons samples, and sit
on a higher trendline.
Th vs U (Figure 14.3N): Each of the zircon groups shows distinct concentrations of Th and U,
and in each group, Th increases with increasing U. The R51677 have considerably higher U,
and on average higher Th, than the other two populations. The Kychering Granite zircons
have higher Th but similar U concentrations to the Paxton monzogranite zircons.
Pb vs U (Figure 14.3O): There is generally a very good trend between Pb and U for the three
zircon samples. Pb is too large for the zircon lattice, so is mostly excluded during crystallisa-
tion, therefore the Pb present is the result of U & Th decay (Speer 1980). Over half of the
analyses of R51677 fall below the trend, indicating that these high U zircons have suffered Pb-
loss, as remarked by Fanning (1997).
Mo vs U (Figure 14.3P): Some zircons from sample R51677 have higher Mo concentrations
than the other two samples, but there is no correlation with either U or Pb. rather, the five
analyses come from three grains, and optical inspections needs to be carried out on these
grains to check for inclusions.
14.4 DISCUSSION
There are three possible origins for zircon from sample R51677. Determining the origin of
this zircon is important for the correct interpretation of the  Ar/Ar data in Chapter 15, and
hence for the age of mineralisation at the Tarcoola Goldfield. Central to this work is the ques-
tion of whether the origins of zircon can be distinguished by their chemistry. This question is
discussed in each of the relevant sections below.
14.4.1 Magmatic origin
Heaman et al. (1990) and Belousova et al. (2002) distinguished groupings of zircons based on
their chemistry and correlated these groups to igneous parent compositions. Comparison of
zircons from this study with the data of Belousova et al. (2002) shows that the zircons from
the Paxton and Kychering Granites conform well to the classification scheme devised by
Belousova et al. (2002), whereas those from sample R51677 are slightly anomalous (Figure
14.3). Zircons from sample R51677 plot within the granitoid fields defined by Belousova et al.
(2002), but whereas those from 2004 & 2167 generally consistently plot in the granodiorite &
tonalite fields, those from R51677 plot in different fields on the different graphs. This may be
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an indication that the zircons are not of magmatic origin, or that the fields of Belousova et al.
(2002) do not properly categorise all magmatic zircons.
If it is accepted that the zircons from sample R51677 are igneous in origin, then the work of
(Belousova et al. 2002) indicates that the high U, Th and REE of these zircons requires growth
from a very felsic melt, such as pegmatite or aplite. Fine-grained felsic granites similar to
aplites are found at the Perseverance deposit, but those sampled are shown to be part of the
Paxton Granite. However, pegmatites and aplites usually occur as small-volume intrusives
which may have been missed in sampling for this study, therefore the zircon chemistry alone
cannot rule out a magmatic origin for the zircons from sample R51677.
Another way of possibly distinguishing an igneous origin from other origins is by comparison
of the zircons in question against some of a presumed igneous origin. Zircons from samples
of the Paxton monzogranite (sample 2004) and the Kychering Granite (sample 2167) are pre-
sumed to be of magmatic origin. They have similar morphology, and they have broadly similar
(although not the same) chemistry. The Kychering Granite is more felsic than the monzgran-
ite phase of the Paxton Granite (Chapter 5). However, the geochemical characteristics of the
two granite plutons are grossly similar, and indeed it is difficult to separate the granites of the
Wilgena Domain into suites (except by geochronology) because of the similarities in mineral-
ogy and chemistry between each of the plutons (Chapter 5).
If it is assumed that the samples provided by 2004 and 2167 are representative of granites of
their respective time periods in the Wilgena Domain, then the following arguments can be
made about the results provided by this small sample set of three samples. The broad similari-
ties between zircons and whole rock chemistry of the two different-aged Kychering and Pax-
ton Granites suggests a similar genesis, including a similar source. Therefore, it would be
expected that most, if not all, of the felsic granites of Palaeo- to Mesoproterozoic age in the
Wilgena Domain would be similar to the Kychering and Paxton Granites, and further that zir-
con from such granites would be similar. Zircons from sample R51677 are distinctly different
to those from 2004 & 2167, and it is suggested therefore that they may not have been derived
from a felsic magma typical of the Wilgena Domain. In particular, if the zircons from the
Kychering Granite are typical of the Hiltaba Association as it occurs in the Wilgena Domain,
then sample R51677, which is Hiltaba-aged, is atypical.
Analyses of more zircon samples from other Hiltaba Association granites in the Tarcoola
region would provide a much stronger basis for using comparative zircon chemistry to distin-
guish the origins of ~1580 Ma zircons at Tarcoola. Finding other samples from Perseverance
that returned ~1580 Ma zircon ages would also help.
14.4.2 Inherited & reset origin
Zircons are often found to survive one or more cycles of weathering, sedimentary transport,
diagenesis, metamorphism and anatexis (Speer 1980). Inherited zircon is common in granitic
rocks where it usually occurs as cores surrounded by an overgrowth of younger zircon pre-
cipitated from the melt phase of the magma (Williams 2001). Ordinarily, it is possible to iden-
tify the old and younger ages of zircon growth using the SHRIMP. SHRIMP analysis of the
zircon from sample R51677 did not show any evidence of inheritance (Fanning 1997). There-
fore, barring the possibility that a sub-population of older zircon grains exist but were not
analysed, if the zircons from sample R51677 were inherited from an older rock, the zircons
must have been completely reset.
Several studies on the stability of zircon under hydrothermal conditions (Sinha et al. 1992, Riz-
vanova et al. 2000, Geisler et al. 2001, Geisler et al. 2002, Geisler et al. 2003) all show that meta-
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mict zircons are far more susceptible to alteration than crystalline grains. Most of these studies
show that variable amounts of both radiogenic Pb and U are lost during alteration.
Consideration of these experimental results means that an inherited origin for the zircon in
sample R51677 can be ruled out because it has significantly higher U and Pb than of sample
2004, whereas the experimental work on hydrothermal zircon alteration suggests that it
should have less.
An origin from intermediate magmas, specifically the Lady Jane Diorite, can be ruled out for
sample R51677. The work of Belousova et al. (2002) shows that the REE concentrations for
R51677 are well above what would be expected for zircons derived from intermediate mag-
mas. Inheritance from the Lady Jane Diorite is quite unlikely as very few zircons were found
in an attempted separation from a several-kilogram sample of a medium-grained, silica satu-
rated sample with 148 ppm Zr.
14.4.3 Hydrothermal origin
Zircon is renowned as being a stable mineral under a wide range of geological conditions (eg
Speer 1980, Belousova et al. 2002). Also, zirconium and titanium are widely regarded as immo-
bile in both igneous and hydrothermal environments (Rubin et al. 1993). Therefore hydrother-
mal dissolution and regrowth of zircon would seem to be unlikely. However, Claoué-Long et
al. (1990), Kerrich & Kyser (1994) and Lawrie et al. (submitted) all present evidence for the for-
mation of zircons from hydrothermal fluids. World-wide, hydrothermal zircon, other Zr
phases, and Ti- and Al-bearing phases occur in skarn, epithermal precious metal veins, vol-
canogenic massive-sulfide deposits and mylonites (Rubin et al. 1993). Also, Rizvanova et al.
(2000), Geisler et al. (2001) and Rubin et al. (1993) have studied zircon dissolution and zirco-
nium solubility in hydrothermal fluids.
To grow zircon of the composition of sample R51677, a hydrothermal fluid would need to
supply Zr, Si, U, Th, REE, P, Ti, Y, some Mo, and Pb. All of these elements would be avail-
able from the breakdown of minerals present in the Paxton Granites, or from the mineralisa-
tion assemblage. Samples of the Tarcoola Formation sediments contain up to 380 ppm Zr,
but have little Ti or REEs. Possibly the most difficult element to source is Zr, as the only Zr-
bearing mineral likely to be present in the system is zircon. Rubin et al. (1993) suggest that dif-
ferences in Zr mineralogy of igneous source rocks is an important factor in determining the
availability of Zr to hydrothermal fluids. Rubin et al. (1993) suggest that hydrothermal solu-
tions could easily breakdown aegerine and arfvedsonite to release Zr, but zircon is only mod-
erately attacked. Rubin et al. (1993) suggest that fluorine is very important in promoting a
hydrothermal fluids ability to transport zirconium, although sulfate complexing may be
important in deposits such as Ertsberg.
Rizvanova et al. (2000) found in hydrothermal experiments that disturbance of the U-Pb iso-
topic system in zircon is more noticeable when carbonate-ions are present and the zircons are
initially metamict. Such disturbances can occur at lower P-T than is typical for greenschist
facies metamorphism (Rizvanova et al. 2000). In their experiments, partial zircon dissolution
was accompanied by crystallisation of baddeleyite.
In his unpublished report to Sue Daly dated 7th May 1993, Fanning noted that despite sus-
pected heterogeneous common Pb (in SHRIMP analysis of zircons from sample R51677) the
areas analysed are high in U ranging from about 500 to 3000 ppm. Thus the areas are domi-
nated by radiogenic Pb and despite high common Pb as seen by  Pb contents the radiogenic
compositions are little affected by any assumptions regarding the common Pb isotope
composition.
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Figure 14.4. Zircons in sample 2007A. Photo at top shows small euhedral zircons in a mat of sericite. The
grain in the centre of view is 0.02 mm long. Other minerals present include sericite (which was dated
from this sample at 1576 ± 5 Ma, titanite, quartz and K-feldspar. The middle photo shows a larger grain
(0.36 mm long), also in sericite. This grain can be seen to contain fluid inclusion trails (bottom photo).
Note that the larger grains are fractured and partly metamict, whereas the small grains are less fractured,
clear, and show oscillatory zoning. The small grains occasionally contain clear solid inclusions. Else-
where in the thin section, calcite occurs with sericite in fractures in K-feldspar and in veins.
Rubin et al. (1993) discuss the incorporation of abundant Pb into zircon structure under
hydrothermal conditions, but also discuss that it is near impossible to distinguish this com-
mon Pb from radiogenic Pb. Also, Watson et al. (1996) suggested that hydrothermal (and pos-
sibly 'wet' metamorphic) zircons should contain orders of magnitude more common Pb than
zircons grown under relatively dry conditions. Watson et al. (1996) note that in practice it may
be difficult to distinguish common Pb acquired at the time of zircon growth from common
Pb gained by diffusion into a metamict crystal.
Lawrie et al. (submitted) argued that some of the zircons found in the Gidginbung high-
sulfidation gold deposit, NSW, formed during the hydrothermal event. They used factors
such as the common presence of zircons in apparent textural equilibrium with ore sulfides,
ore-element-bearing mineral inclusions within zircons, the nature of fluid inclusions within
zircon, and trace element zonation within the zircons as evidence of their hydrothermal ori-
gin. They found that zircons from coeval magmatic rocks lacked the As and Sb substitutions
found in the hydrothermal zircons, and had a smaller range of variation of REEs.
Claoué-Long et al. (1990) reported Archaean hydrothermal zircons in mesothermal Au-veins
and altered wallrock selvages at the Val d'Or gold mining area in the Abitibi greenstone belt of
Canada. Their evidence for a hydrothermal origin of the zircons included: their provenance,
from vein material and intensely tourmalinised wall rocks; the same zircon types being present
in veins in andesite, trondhjemite and granodiorite of different ages but older than the zir-
cons; their textural equilibrium including observed intergrowth relationships with coexisting
vein quartz and tourmaline; and the presence in some grains of abundant fluid inclusions of
similar composition to the hydrothermal fluid, and solid inclusions including sulfides and
gold.
Sample 2007A contains zircons which are clustered in areas of sericite growth. Some of these
zircons contain trails of fluid inclusions (Figure 14.4). These inclusions have not been ana-
lysed, but such inclusions were not noted in zircons from 2004, 2005D or 2008B from the
Paxton Granite.
The zircons analysed by Claoué-Long et al. (1990) were generally low in U, which they consid-
ered to be sub-magmatic compositions. A few very high-U grains were analysed, and gave dis-
cordant ages, which were discarded. Kerrich & Kyser (1994) used the Kober evaporation
technique to repeat the work of Claoué-Long et al. (1990) with slightly more precision. Ker-
rich & Kyser (1994) note that magmatic zircons from unaltered units host to mineralisation at
Val d'Or have correlated Y & Yb, whereas vein zircons feature pronounced intergrain and
interzone variations of Hf, Y, Yb, Th & U, and sporadic Ce anomalies of ~1000 ppm. Zircons
from sample R51677 show more scatter about a near-linear correlation of Y & Yb than the
Paxton and Kychering zircons do.
The REE show around 10% increase between unaltered Paxton monzogranite versus hydro-
thermally altered anomalous Au-bearing Paxton monzogranite (Chapter 13). Elements
including Au, Sb, As, Ag, Cd, Cs and Pb are even more enriched, up to four orders of magni-
tude for Au. Unfortunately, these elements (except for Pb) were not analysed in the LA ICP-
MS zircon work. Zircon readily accepts the REE into its crystal structure (Speer 1980, Belou-
sova et al. 2002), so it may be expected that if zircon were to form in the presence of the same
hydrothermal fluid as that which altered the samples of the Paxton monzogranite, such zir-
cons would have higher REE abundances than magmatic zircons. Figure 14.3 and Table 14.1
show that the zircons from sample R51677 do have higher REE abundances than magmatic
zircons from 2004 & 2167, but that these abundances are mostly within the range of abun-
dances expected for various granitoids as found by Belousova et al. (2002). Perhaps the high
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Pb, U & Th compositions of zircons from R51677 provide the best evidence for a hydrother-
mal origin.
14.5 CONCLUSION
It is not possible to resolve the origin of zircons from sample R51677 with the current data.
CL images suggest that non-metamict, low-U zircon cores, which would be expected to repre-
sent inheritance if it exists, may not have been analysed by either SHRIMP or LA ICP-MS.
Also, the sample is extremely small, and this may mean that the zircons recovered are unrepre-
sentative, and perhaps if more grains had been available these highly metamict grains would
have been discarded as is ordinarily the case when more grains are available.
There are three possible origins for the zircon from sample R51677, and it is easier to mount
arguments against each mode of origin than to support one.
Regarding an igneous origin, chemistry shows that the zircons from R51677 are unlike those
from a known magmatic population of the same age. Also, they do not behave exactly like
igneous zircons from a broad-scale study (Belousova et al. 2000). Extensive sampling of other
drillcore from the Perseverance prospect has not shown any evidence of two suites of felsic
intrusives. However, none of these arguments rule out the possibility that these zircons are
magmatic.
Of a hydrothermal origin, insufficient work has been done to characterise the either zircons
themselves, or the rock from which they were sampled, to show that they are hydrothermal in
origin by using criteria similar to Claoué-Long et al. (1990) and Lawrie et al. (submitted). How-
ever, it may be possible that hydrothermal zircons do occur without necessarily displaying all
of the characteristics such as solid or fluid inclusions listed by these authors as proof of hydro-
thermal origin. To this end, the high common Pb content determined by Fanning may be evi-
dence of a hydrothermal origin, if high common Pb is taken as evidence of a hydrothermal
origin as suggested by Watson et al. (1996). Also, fluid inclusions have been observed in thin
sections of hydrothermally altered granite samples, although these have not been analysed
(Figure 14.4).
The very high U and radiogenic Pb contents of the zircons from sample R51677 rule out an
inherited and reset origin for these grains.
The possibility of a felsic igneous event occurring within error of the ages derived by
 Ar/Ar dating of sericites and hornblende must be assessed to address the possibility that
the Ar-Ar isotopic system has been reset. Geological relationships of mutually crosscutting
diorite dykes and mineralised veins show that hydrothermal alteration and mineralisation
occurred synchronously with diorite intrusion. The sample of diorite from which hornblende
was taken contains no sericite or pyrite alteration, and the dated hornblende itself appears
unaltered. Therefore, it is concluded that this sample is unaltered, and reflects the time of dio-
rite cooling, and hence also the age of mineralisation. Lastly, the dated sericite samples, all of
which returned  Ar/Ar ages ~1580 Ma, are from relatively widespread locations along the
Perseverance fault zone (Figure 15.1) and it is unlikely that all of them were located adjacent
to a small Hiltaba-aged felsic dyke.
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15.1 INTRODUCTION
In order to constrain the age of mineralisation and its relationship to igneous events at the
Tarcoola Goldfield, four samples of sericite from altered Paxton Granite, and one horn-
blende sample from a Lady Jane Diorite dyke have been analysed by the 40Ar/39Ar method.
The locations of samples are shown in Figure 15.1 and results are summarised in Table 15.1
and Figure 15.2. The analytical method is summarised in Appendix IV. Dr Geoff Fraser
(Geoscience Australia) performed the analyses and data reduction, Fraser and Budd co-
authored the interpretation, discussion and conclusion. All sampling, sample descriptions,
and geological constraints are solely the authors. This dating has been published as Budd &
Fraser (2004).
15.3 SAMPLE DESCRIPTIONS AND RESULTS
The four sericitised samples selected for the present study are all from intensely SQP altered
Paxton Granite. They are all taken from alteration haloes around mineralised quartz veins,
and the sericites from each sample are similar in that they occur as intergrown aggregates of
fine grains (<50 µm), with very little coarser grained material.
15.3.1 Sample 2007A
Sample 2007A is a very strongly sericitised coarse-grained granite with abundant microvein-
ing, very little cross-cutting veining and only ~2% sulfides. K-feldspar is relict and in hand
sample exhibits a red colouration due to hematite dusting. It is very strongly micro-fractured,
and sericite ± quartz floods the fractures, as well as replacing perthitic exsolutions. Relict
quartz has been moderately stressed, showing undulose extinctions and sutured grain
A.R. Budd 281
Chapter 15: 40Ar/39Ar Geochronology
Sample
number/
mineral
Holeid/
Depth
Au
(ppm)
Lithology & relict minerals
Alteration minerals & sulfides
Alteration texture & veining
Age (Ma)
± 2
2007A
Sericite
GP033RD
238.9 m
0.473 Strongly sericitised coarse-grained granite. Kfs, qz, zrn?, ap, ttn.
Seri, chl, cal, zrn?, hm. 2% py.
Abundant microveining, little cross-cutting veining
1576 ± 5
20011
Sericite
GP029RD
151.7 m
2.92 Strongly altered coarse-grained granite. Kfs, qz.
Seri, fl, cal, qz. Py>sph
Microveining, minor narrow veins with anhedral buck qz
1581 ± 5
20014
Sericite
GP005D
146 m
0.11 Strongly altered coarse-grained granite. Kfs.
Seri, qz, chl. Py-sph-ga.
Brecciated, buck/tooth qz in veins, late sulfide-qz-chl veinlets
1583 ± 5
2017A
Sericite
TD005
80.4 m
0.3 Sericite-altered coarse-grained granite. No relict minerals.
Qz, seri, chl. Py, sph, ga, cal.
Brecciated. Late cal veining.
1587 ± 5
2008A
Hbl
GP078RD
183.1 m
na Amygdaloidal phenocrystic high-K microdiorite. Hbl, plag, mgt, qz.
Chl, cal, hm, ep.
1582 ± 5
Table 15.1. Summary samples and  Ar/Ar age data. Ap - apatite; cal - calcite; chl - chlorite; ep - epi-
dote; fl - fluorite; ga - galena; hbl - hornblende; hm - hematite; kfs - K-feldspar; mgt - magnetite; plag -
plagioclase; py - pyrite; qz - quartz; seri - sericite; sph - sphalerite; ttn - titanite; zrn - zircon.
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Figure 15.1. Surface map of the Perseverance-Last Resource area, showing the location of geochronology
samples in the present study and drillholes projected to the surface. Based on Hughes (1998). Drilling
data from Grenfell Resources. Fan 1 is from Fanning (1997), Fan 2 is C. M. Fanning (pers. comm. 2003),
and the other SHRIMP ages Chapter 2 this thesis. Mineralisation is mostly restricted to the Perseverance
fault trend. The very high-grade 'Bonanza zone' occurs where a northwest structure intersects the Perse-
verance fault trend.
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Table 15.2. Results of  Ar/Ar analysis.
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Figure 15.2.  Ar–Ar step-heating results from hydrothermal alteration sericites (a–d) associated with
gold mineralisation in the Tarcoola Goldfield, and for a hornblende sample (e) from a Lady Jane Diorite
dyke in the same area. The steps included in plateau-age calculations are indicated by the solid horizontal
bar on each graph.
boundaries in contact with quartz veins, and has been partly recrystallised. Other mineral
phases present include zircon, apatite, partly altered titanite, and minor calcite and chlorite in
veining.
Fine-grained sericite comprises about 40% of the rock. It has totally replaced plagioclase, and
fills fractures. It mostly occurs as aggregates of very fine grains, but rare larger grains are seen.
Pyrite is the only sulfide positively identified, and occurs as disseminated euhedra up to 2 mm
diameter and as finer subhedral grains in or near fractures and veins.
Step heating of 0.62 mg of sericite yields an age spectrum in which the first four steps give
ages that increase steeply to ~1570 Ma (Figure 15.2A). The initial ~9% of the 39Ar release
gives K/Ca ratios generally <10, suggesting that the young initial ages may be related to the
presence of a contaminating phase. The final 91% of 39Ar was released in 13 steps defining a
plateau with a weighted mean age of 1576 ± 4 Ma (2).
15.3.2 Sample 2011
Sample 2011 is a very strongly sericite-fluorite-calcite-pyrite-altered coarse-grained granite.
Alteration is more intense in this sample than in 2007A. As in 2007A, K-feldspar is relict, but
in this sample is even more strongly fractured. Alteration has the appearance of being perva-
sive, with few recognisable veins having been formed, and sericite having obliterated any tex-
tures, including pseudomorphs. Most of the original quartz has been redispersed throughout
the rock, either as anhedral grains or as randomly orientated euhedral buck grains in narrow
veins. Pyrite is the dominant sulfide, with very minor sphalerite being interstitial to euhedral
quartz. The majority of the sulfides occur within sericite-quartz ± calcite domains, which are
cut by calcite-fluorite veining. The association of pyrite and sphalerite with sericite-quartz,
and with elevated gold grades, suggests a close paragenetic relationship.
Step heating of 0.85 mg of sericite yields an age spectrum in which ages rise steeply over the
initial ~10% of 39Ar released, with subsequent gas defining a relatively flat age spectrum (Fig-
ure 15.2B). The final ~65% of gas was released in six steps, with a weighted mean plateau age
of 1581 ± 5 Ma (2 ).
15.3.3 Sample 2014
Sample 2014 is a strongly sericitised Paxton Granite sample with significant quartz veining.
The sample includes a 40 cm-wide quartz vein with minor pyrite, galena and sphalerite.
Quartz in the vein mostly has buck textures, with varying grainsize. The sample analysed is
from sericitised granite wallrock to the vein, and lacks preserved original granite texture or
minerals, except for minor relict K-feldspar. Pyrite is the dominant sulfide in the altered gran-
ite wall rock, but minor galena and sphalerite are present.
Sericite in the granite wall rock appears to have formed throughout the alteration history of
this sample. Mats of sericite contain early formed euhedral pyrite, and sericite is a minor com-
ponent in late cross-cutting quartz-sulfide veining. Pyrite is the dominant sulfide, and occurs
as disseminations in sericite mats and in the quartz-filled fractures. Galena and sphalerite are
generally restricted to interstitial space within buck quartz veins, and very late sulfide-chlorite-
quartz veinlets.
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Step heating of 1.01 mg of sericite produces an age spectrum in which the first two steps yield
slightly younger ages and lower apparent K/Ca ratios compared with the subsequent steps
(Figure 15.2C). Eight subsequent steps, constituting ~90% of the 39Ar, yield a weighted mean
plateau age of 1583 ± 5 Ma (2).
15.3.4 Sample 2017A
Sample 2017A comes from drillhole TD005 in the Last Resource deposit, which is the north-
eastern continuation of the Perseverance deposit (Figure 15.1). This sample is a strongly
sericite-altered coarse-grained Paxton Granite, comprised dominantly of quartz, sericite and
sulfide. The assayed interval from which the sample was taken averages 10 m at 6.48 g/t Au,
including 1 m at 56 g/t Au. This is the most sulfide-rich sample of those analysed in the pres-
ent study, but contains only 0.3 g/t Au over the 1 m interval containing the dated sample. Sul-
fides include pyrite, sphalerite and galena with very minor chalcopyrite. Pyrite was the first
sulfide phase formed, and has been partly replaced by galena, and sphalerite and galena also
infill fractures in pyrite. Minor chlorite and sericite are intergrown with sphalerite. Calcite
occurs in late-stage cross-cutting veins.
Step heating of 1.13 mg of sericite yields an age spectrum in which ages increase progressively
over the first ~40% of 39Ar release (Figure 15.2D). This section of the age spectrum coincides
with very low apparent K/Ca ratios, suggesting the presence of significant impurities in the
mineral separate. Five steps comprising ~39% of the total 39Ar define a plateau age of 1587 ±
5 Ma (2), although the apparent K/Ca ratio throughout the gas release is significantly lower
than seen in the other sericite samples, casting doubt on the purity of the mineral separate.
15.3.5 Sample 2008A
Sample 2008A is taken from an ~2 m-wide Lady Jane Diorite dyke near the northern end of
the Perseverance mineralised zone (Figure 15.1). This rock is sparsely phenocrystic with a
fine-grained groundmass and glassy matrix. It is comprised of phenocrystic hornblende up to
5 mm in diameter, and very fine hornblende laths, K-feldspar laths, plagioclase, quartz, mag-
netite, apatite, chlorite, calcite, minor titanite, rare pyrite, and very rare chalcopyrite. Chlorite
occurs in some parts as a replacement of the groundmass and as an alteration of some horn-
blende grains, and with calcite infilling amygdales. There is a weak hematite dusting through
parts of the rock. Magnetite, which is very sensitive to alteration in other samples from Perse-
verance, is unaltered. Some of the hornblende phenocrysts are chloritised, but the majority of
the hornblende in the sample occurs as unaltered very fine laths (Figure 3.2). Electron micro-
probe analyses shows that both the phenocrystic and fine laths of hornblende are of pargasite
composition (Table 3.1). The sample for analysis was handpicked from a 180–300 µm frac-
tion size, avoiding grains with inclusions or chlorite alteration. This sieve size would have pre-
cluded the fine laths of hornblende (Figure 3.2), so that only fragments of the larger pheno-
crysts would have been analysed. The textural occurrence of the hornblende as euhedral phe-
nocrysts in a finer groundmass indicates that it is igneous in origin.
Step heating of 1.3 mg of hornblende produces an age spectrum in which the initial seven
steps, constituting ~7% of the 39Ar, exhibit scattered ages interpreted as a combination of Ar
loss and minor excess Ar (Figure 15.2E). The remaining gas yields relatively consistent ages
and apparent K/Ca ratios. Seven consecutive steps define a plateau with a weighted mean age
of 1582 ± 5 Ma (2).
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15.4 INTERPRETATION OF  Ar/Ar RESULTS
The plateau ages from all five 40Ar/39Ar step heating experiments combine to give a weighted
mean age of 1582 ± 5 Ma (95% confidence) with slight excess scatter (MSWD = 2.5). If the
result from sample 2017A sericite is ignored, due to likely sample impurity, the remaining four
plateau ages yield a weighted mean of 1581 ± 5 Ma (95% confidence, MSWD = 1.5). The con-
sistency of ages provides confidence that the results reflect a geologically meaningful event
rather than being mixed ages. Our preferred interpretation is that microdiorite intrusion and
sericitic alteration both occurred at ~1580 Ma and are essentially indistinguishable in age
within analytical uncertainty. Field relationships and petrological evidence support this inter-
pretation in the following ways. First, the euhedral, phenocrystic hornblende in sample 2008A
is of igneous origin, and there is no evidence for subsequent high-temperature metamor-
phism or hydrothermal alteration. The amygdaloidal textures and chilled margins in the dykes
indicate rapid cooling after intrusion. The hornblende age of 1582 ± 5 Ma is therefore inter-
preted as a close approximation to the intrusion age of the Lady Jane Diorite dykes. The argon
data from sericite alteration could be interpreted to have resulted from mineralisation prior to
~1580 Ma, with sericite having been isotopically reset by thermal disturbance associated with
dyke intrusion and regional GRHVP magmatic activity at ~1580 Ma. However, mutually
cross-cutting relationships suggest that alteration, veining and gold mineralisation bracketed
the time of Lady Jane Diorite dyke intrusion. Specifically, mineralised veins within the diorite
dykes indicate that at least some of the mineralisation post-dated dyke intrusion (Figure 15.3).
The internal consistency of ages from sericitic alteration, and the consistency of the sericite
ages with the time of dyke intrusion, strongly suggest that mineralisation and dyke intrusion
occurred within analytical uncertainty of each other at 1582 ± 5 Ma.
It is worth noting that in the discussion above, uncertainties on individual plateau ages include
only analytical uncertainties and uncertainty on the irradiation parameter (J). This is appropri-
ate for internal comparison of ages from the present study, and shows the ages to be analyti-
cally indistinguishable and therefore consistent with a single, relatively short-lived episode of
dyke intrusion, alteration and mineralisation. However, the absolute timing of this episode is
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Figure 15.3. Mineralised quartz–pyrite vein cross-cutting granite and diorite. This demonstrates that
alteration and mineralisation post-date diorite intrusion in at least some places, and make it unlikely that
the ~1580 Ma ages recorded by sericite associated with mineralisation are the result of overprinting by
intrusion of the diorite. GP033RD, ~218 m, Grenfell Resources drilling at Perseverance.
subject to additional sources of uncertainty. These include uncertainties on the age of the
standard material and decay constants. When these additional sources of uncertainty are
propagated via the method of Karner and Renne (1998), absolute uncertainties increase to
approximately ± 30 Ma (2). This level of uncertainty is appropriate for comparison with
independent dating methods such as U-Pb zircon ages from regional GRHVP magmas.
15.5 DISCUSSION & CONCLUSIONS
Age constraints presented above indicate that Au mineralisation at Tarcoola is temporally
related to the 1595–1575 Ma GRHVP complex, although it is not yet clear exactly what role
magmatism played in the genesis of the mineralisation. SHRIMP U-Pb zircon dating at Tar-
coola indicates that the Paxton Granite is more than 100 million years older than the GRHVP
complex (Chapter 2), and is therefore not genetically related to mineralisation in the Tarcoola
Goldfield. Rather, mineralisation is at least temporally related to high-K amygdaloidal micro-
diorite dykes of the Lady Jane Diorite.
Recent 40Ar/39Ar sericite dating by Fraser et al. (in prep.) at the Tunkillia, Barns and Weed-
nanna deposits show minimum ages of hydrothermal alteration of ~1580 Ma, very similar to
the ages of this study at Tarcoola. These ages are not strictly interpreted as mineralisation ages,
due to a lack of supporting geological relationships. Notwithstanding these uncertainties, at
the craton-scale the Central Gawler Gold Province appears to be spatially related to the west-
ern margin of the GRHVP complex (Figure 1.6), and there is now have evidence that at least
one of the gold deposits in the Central Gawler Gold Province is also temporally related to the
GRHVP complex. It has previously been noteed that the GRHVP complex associated with
various styles of mineralisation elsewhere in the Gawler Craton. For example, at Menninnie
Dam in the northern part of the Eyre Peninsula, rhyolite dykes synchronous with Pb-Zn-Ag
mineralisation are dated at ~1590 Ma by zircon U-Pb ion microprobe (Roache & Fanning
1994). The iron-oxide copper gold deposits found in the Olympic Cu-Au province (Skirrow et
al. 2002) in the eastern part of the Gawler Craton, are also of Hiltaba age (e.g. Olympic Dam,
ca 1590 Ma: Johnson & Cross 1995). It would seem highly likely that, at a regional scale, heat
from GRHVP magmas was instrumental in driving fluid flow responsible for these various
mineral systems, including the Tarcoola Goldfield. At the deposit scale, local structural con-
trol has played a role in focusing those fluids at Tarcoola.
The relationship between gold mineralisation at the Tarcoola Goldfield, and elsewhere in the
CGGP, is discussed further in Chapter 18.
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16.1 INTRODUCTION
Thermometric and compositional studies of fluid inclusions from a variety of samples from
the Perseverance deposit were analysed to provide information about the temperature, pres-
sure and composition of the mineralising event.
16.2 PREVIOUS WORK
Two previous studies of fluid inclusions in the Tarcoola Goldfield have been conducted.
Bone et al. (1988) analysed five samples from the Tarcoola Goldfield (Table 16.1). No infor-
mation is available regarding the host or location of the inclusions. The conclusions reached
by these authors include:
• the samples were dominated by secondary inclusions, but these have similar results
to the primary inclusions analysed;
• the homogenisation temperatures fall on a continuum from 119°C to 320°C with a
median of ~250°C (not pressure corrected), but salinities were relatively constant.
Also, L:V ratios were variable. Bone et al. (1988) suggested that the fluid inclusions
represent entrapment from a heterogeneous boiling fluid;
• CO  was a component.
Bone et al. (1988) quote high salinities, but given the generally high temperatures of final ice
melting, low salinities are indicated.
Hein (1989) and Hein et al. (1994) analysed nine quartz samples from mineralised quartz veins
in the Tarcoola Blocks mine (Table 16.2), and one fluorite sample from SADME DDH Tar-
coola 3 (samples TD3-6 in Table 16.2). Primary, secondary and pseudosecondary fluid inclu-
sions up to 40 x 18 mm were observed in quartz, and primary and secondary fluid inclusions
up to 40 x 30 mm were found in fluorite. Five types of fluid inclusions in quartz were
recognised:
Type 1: liquid + vapour;
Type 2: liquid H O + liquid CO  + vapour (vapour rich and liquid rich types);
Type 3: liquid + vapour + NaCl daughter mineral;
Type 4: liquid H O + liquid CO  + vapour + NaCl daughter mineral;
Type 5: liquid only.
   	
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Table 16.1. Fluid inclusion data from Bone et al. (1988). Th°C = homogenisation temperature, Te°C =
eutectic temperature, Tf °C = temperature of final melting. Salinities quoted are suspect, given the rela-
tively high Tf values.
The conclusions reached by Hein (1989) and Hein et al. (1994) include:
• minor CH is indicated by TmCO  < -56.6°C for Type 2 primary inclusions in quartz;
• solutes such as CaCl  and MgCl  are suggested to be present in addition to NaCl,
based on a wide range of eutectic temperatures;
• salinity ranged from 0.35 to 8.53 wt% NaCl equivalent, with the mode at the lower
end of the range;
• secondary fluid inclusions have lower salinities than primary inclusions;
• type 3 & 4 inclusions contain small NaCl daughter minerals (3–6 mm) that appear to
have resulted from necking down;
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Table 16.2. Fluid inclusion data from Hein (1989). P = primary; S = secondary; PS = psuedo-secondary;
NS = not seen; NR = not recorded; * = presence of NaCl daughter mineral; TmCO  = temperature of CO 
ice melting; Tm = temperature of H O ice melting; Tfm = temperature of final H O ice melting; Tmclath
= temperature of clathrate melting; ThCO  = temperature of homogenisation of CO ; TsNaCl =
temperature of melting of NaCl daughter minerals; ThTOT = temperature of complete homogenisation;
Td = temperature of decrepitation; v = Th into vapour phase. ( ) = temperature dependant on NaCl
daughter mineral.
• type 1 & 2 primary and pseudosecondary inclusions in quartz gave Th values ranging
from 201.8 – 357.9 °C (not pressure corrected), suggesting that these inclusions
formed over a wide range of temperatures as mineralisation deposited during cooling
of the hydrothermal system;
• ThH O is indicated to be ~340 °C (not pressure corrected) by homogenisation
occurring at the same temperature into either vapour or liquid phase for similar
inclusions within the same field of view.
16.3 SAMPLE SELECTION
A total of 148 measurements were conducted on 23 groups of inclusions in eight samples
(Table 16.3, Figures 16.1 & 16.2) from diamond drill holes within the Perseverance deposit.
The samples were selected on the basis of demonstrable association with gold mineralisation,
and suitability for analysis, including a probable primary origin. Most inclusion groups are
hosted by quartz, but some inclusions hosted in calcite and sphalerite were also analysed.
   	
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Figure 16.1. Locations of fluid inclusion samples of the Perseverance deposit, this study. See Figure 10.5
for location of this excerpt from within the Tarcoola Goldfield.
	   
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Figure 16.2. Hand samples of hosts of
fluid inclusion groups analysed by
microthermometry and laser Raman
spectroscopy. All samples from the
Perseverance deposit, Tarcoola Gold-
field. 2218C, 2221A & 2221C are the
same scale as the other samples (all
are half NQ core ~5cm high).
16.4 RESULTS
In this study, the inclusions were classified on the basis of phases present at room tempera-
ture, as follows:
Type A: Vapor-rich, two phase (V+L) (max. 90% vol. vapor);
Type B: Liquid-rich, two phase (L+V) (max. 20% vol. vapor);
Type C: Multiphase solid, variable L+V, solid <50% vol. (max. 30% vol. vapor);
Type E: Three-phase H O(l) + CO (l) + CO (v), ± CH (max. 40% vol. vapor); and
Type F: Four-phase H O(l) + CO (l) + CO (v) + solid (max. 40% vol. vapor).
The results of all measurements are given in Table 16.4.
The gold-related samples (2002F, 2011, 2014, 2221A, 2221C) were found to be dominated by
Type B liquid-rich and Type E carbonic inclusions. The aqueous Type B inclusions are gener-
ally small (< 10 m) with a vapor volume < 30%. Tm is generally in the range -8 to + 5°C
(Figure 16.3). The positive values are probably due to disequilibrium melting. Calculation by
the equations of Bodnar & Vityk (1994) give salinities of mostly < 10 wt% NaCl, (Table
16.5). Total homogenisation temperatures range from 104°C to 339°C, averaging 246°C
(Table 16.5, Figure 16.3). All of these inclusions homogenise to liquid. Note that the Type B
inclusions in sample 2003K are not included in this average, as this sample is not related to
gold mineralisation. Laser Raman analysis of selected inclusions showed no CO .
The carbonic Type E inclusions from mineralised samples are generally slightly larger than the
Type B inclusions, being ~10 m. Vapor:liquid ratios vary between samples, ranging from as
   	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Sampno Holeid Depth Host Vein description Metals
2002F GP002D 186.2 SQP-alt Paxton
SYG
Milky qtz+cal anast
vein
Sph, ga, py
2003K GP003D 422.2 Mod HM-alt
Paxton SYG
4cm wide qtz+cal vein,
euhedral qtz
2011 GP029RD 151.7 Extreme SQP-alt
Paxton SYG with
fl+cal
Inclusions in single qtz
grain, not vein
2.92 g/t Au, py
2014 GP005D 146 Bx SQP-alt
Paxton SYG
Qtz-sul infill bx 0.1 g/t Au, sph, py, ga
2005G GP004D 275 Mod SQP-alt
Paxton SYG
Narrow qtz vein with
visible Au
11.2 g/t Au, 7.5 g/t Ag
2218C GP034RD 273.8 Strongly HM-alt
Paxton SYG
2cm wide mgt-qtz-chl
vein
Minor py on late
fractures
2221A GP002D 198.5 Strong phyllic alt
Paxton SYG
Anast milky qtz-sul
vein
51.95 g/t Au, 31.5 g/t
Ag, 1.62% Pb, 1.39%
Zn
2221C GP002D 200.8 Strong phyllic alt
Paxton SYG
Semi-massive stringer
sul
105 g/t Au, 135 g/t Ag,
7.61% Pb, 9.86% Zn,
elevated As, Bi, Cu
Table 16.3. Location and summary description of samples selected for fluid inclusion analysis. Abbrevia-
tions: alt = alteration; anast = anastomosing; bx = breccia/brecciated; cal = calcite; chl = chlorite; fl =
fluorite; ga = galena; HM = hematite-magnetite (alteration); mgt = magnetite; mod = moderate; py =
pyrite; qtz = quartz; sph = sphalerite; SQP = sericite-quartz-pyrite (alteration); sul = sulfide; vis = visible.
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Table 16.4. Results of thermometric analysis of fluid inclusions from Perseverance deposit. Vol% vapour
= percentage volume of all vapour present; Vol% CO  = percentage of total volume that CO  makes up;
Vol% solid = percentage of total volume comprising solid; Tm CO  = temperature of melting of CO  ice
during warming during a freezing run; Vol. fract. CO  vap. = volume fraction of CO  that is in the vapour
state at room temperature; (cont...)
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Table 16.4 (continued). Tff clath = temperature of first freezing i.e. formation of clathrate during freez-
ing; Tsf ice = temperature of second freezing i.e. formation of ice during freezing in H O-CO -salt sys-
tem; Tfm CO  ice = temperature that CO  freezes solid; Tf ice H O-NaCl = temperature of formation of
ice in H O-NaCl system; Te = eutectic temperature (melting of hydrohalite during warming in a freezing
cycle); (cont...)
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Table 16.4 (continued). Tm ice = temperature of melting of ice; Tm clath = temperature of melting of
clathrates in H O-CO -salt system; Th CO  = temperature at which liquid and vapour CO  homogenise;
Th CO  to = behaviour of meniscus during CO  homogenisation; Tm NaCl, KCl = temperature that NaCl,
KCl solids melt at, respectively; Th total = temperature that total homogenisation occurs at; Th to = phase
resulting after total homogenisation; rpt = inclusions measured on two separate occasions.
little as 1:10 to 1:2 vapor. Tm is generally in the range -6.6°C to +4.4°C (Figure 16.3). The
positive values indicate the presence of clathrates or disequilibrium melting. Homogenisation
of CO  occurred in the range of 29 – 31.1°C, indicating a pressure (at temperature of measure-
ment) of approximately 70 bars (Roedder 1984). Calculation by the equations of Kerrich &
Jacobs (1981) give salinities between 2–8 wt% NaCl (Table 16.6). Total homogenisation
temperatures range from 203 – 351°C, with an average of 292°C (Figure 16.3). The majority
of the inclusions homogenised into the liquid phase, but some homogenised to vapor. Several
of the inclusions contained between 1–9 mol% CH as determined by laser Raman analysis
(Table 16.7).
Two inclusions in sphalerite were measured, one aqueous (2002F E7b sphal) and one car-
bonic (2014 L3 sph 2). Both returned essentially the same results as inclusions in nearby
quartz, indicating that quartz was deposited at the same temperature as sphalerite, and by
inference other sulfides and ore components.
Inclusions of other types are not common. Only one Type A inclusion was examined, hosted
by calcite, with no thermometric analyses completed. Thirteen Type C and four Type F inclu-
sions were examined, and the majority of these was found in sample 2218C. This sample is a
   	#
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Inclusion Th Tm  wt%
NaCl
Mole
Frac.
salt
Molality
salt
Density Molar
Volume
P at Th Critical T Critical P
Gold mineralisation and/or SQP alteration related samples
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Table 16.5. Summary of results of microthermometric analysis of aqueous (L+V) inclusions, including
total homogenization temperature (Th), temperature of ice melting (Tm), and calculated salinities,
density, molar volumes, critical P & T. Calculated using the equations of Bodnar & Vityk (1994).
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Figure 16.3. Histograms of measured temperature of melting of ice (top), measured total homogenisation
temperatures (middle), and calculated salinities versus total homogenisation temperature (bottom).
strongly HM altered monzogranite cut by a 1 cm-wide magnetite-chlorite-quartz vein. Inclu-
sions in quartz in both the wallrock and the vein were of similar types to each other, but were
different to the inclusions in quartz in mineralised samples. In particular, many of the Type C
inclusions contained solid salt and/or opaque grains. Tm measurements ranged from -
19.6°C to -3.0°C, averaging -11.2°C, equating to approximately 15 wt% NaCl. Complete
thermometric measurements were made on only two aqueous (Type B) inclusions, with the
calculated results presented in Table 16.5. However, many of the inclusions of all types
decrepitated at >300°C prior to total homogenisation, indicating high trapping temperatures
and pressures. Paragenetically the HM alteration precedes the mineralisation-related SQP
alteration.
16.5 DISCUSSION & CONCLUSIONS
Calculated isochores for the Type B and Type E inclusions are shown in Figure 16.4. The
liquid-vapor curves of Gehrig (1980) have been copied from Schmidt & Bodnar (2000). Two
liquid-vapor curves have been shown for the carbonic inclusions, with the data approximat-
ing the 6 wt% NaCl, 10 mol% CO  curve (Table 16.6). The isochores have been projected
from their measured temperature of homogenisation, and hence the minimum pressure as
calculated by the equations of Kerrick & Jacobs (1981) ranges from 80 to 250 MPa. The
dashed isochores for inclusion 2221A C8 100b 2 plot the repeat calculations with the volume
fraction of CO  varied, and show the dependence of calculated pressure on this variable.
The salinity and total homogenisation temperature of the carbonic inclusions fall within the
range of the aqueous inclusions (Figure 16.3), and the two systems show subparallel isochores
   
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Figure 16.4. Calculated isochores for Type B (left) and E (right) inclusions. Liquid-vapour curves of
Gehrig (1980) quoted in Schmidt & Bodnar (2000). Three repeat calculations of inclusion 2221A C8
100b 2 (Table 16.6) have been drawn to illustrate the strong dependence on the estimate of the volume
fraction of CO  on the calculation of pressure by the equations of Kerrich & Jacobs (1981) as peformed
by MacFlinCor (Brown & Hagemann 1995).
(Figure 16.4), suggesting that the Type B and Type E inclusions were formed under similar
conditions. Figure 16.5 shows neighboring Type B and Type E inclusions, evidence that both
inclusion types were deposited at the same time. This suggests either fluid mixing, or phase
separation. The lack of a mixing trend between the Type B and E inclusions in salinity-
homogenisation temperature space, along with a bias towards higher temperatures for the
Type E inclusions, argues in favour of phase separation. However, the Type B inclusions con-
tain no CO , so may not be part of an immiscible pair with the carbonic Type E inclusions. It
is possible that the rare Type A gas-rich carbonic inclusions are the vapour-rich counterpart
to the liquid-rich Type E inclusions as an immiscible pair. In this case, the Type B inclusions
may represent a second fluid, indicating fluid mixing.
The three-phase carbonic Type E fluid inclusions give a calculated minimum pressure of trap-
ping ranging from 50 to 290 MPa (Figure 16.4), equating to a depth range of approximately 2
to 10 kms. Other geological constraints suggest that 10 km is a maximum depth for minerali-
sation, as follows. The geothermal gradient during the GRHVP is estimated to be ~35°C/km
(Creaser 1996), giving a temperature of 350°C at 10 km. All veining observed in the Tarcoola
Goldfield is brittle in nature, implying a temperature of <300°C as above this temperature
quartz deforms by dislocation glide and creep (Passchier & Trouw 1996). The mineral assem-
blage is lower greenschist facies, which again necessitates temperatures of <400°C (Best 1982,
Bucher & Frey 1994).
   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Figure 16.5. Coexisting Type B two-phase aqueous and Type E three-phase carbonic inclusions in sample
2221A. Ambient temperature >31°C, therefore all CO  is as vapour.
In addition to fluid inclusion microthermometry, Hein et al. (1994) used chlorite chemistry,
and sulfur and oxygen isotope data to suggest that mineralisation at the Tarcoola Blocks Mine
was caused by a drop in fluid fO . Gold transport was suggested to have been transported ini-
tially as AuCl 
- at high temperatures, but as Au(HS) 
- prior to mineralisation and during ore
deposition. Hein et al. (1994) suggested that sulfide deposition occurred from about 300°C to
170°C, with gold deposition occurring at about 250 – 260°C. This study has recorded a similar
range of temperatures of homogenisation at the Perseverance deposit, and it is considered
most probable that mineralisation at both areas of the Tarcoola Goldfield formed under simi-
lar fluid conditions.
The complex, multiphase Type C and F inclusions found in sample 2218C are similar to inclu-
sions described by Kamenetsky et al. (2002) as being deposited from granite-derived hydro-
thermal fluids. Therefore, the HM stage of alteration is inferred to be deuteric, and related to
magmatic fluids exsolved during cooling of the Paxton Granite, significantly predating the
gold mineralisation and associated SQP alteration.
   
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17.1 INTRODUCTION
Lead and neodymium isotope studies provide two types of information in hydrothermal geo-
logical systems: age determinations, and isotopic source tracing (Richards & Noble 1998).
Successful application of both isotope systems as tracers is dependent on the isotopic contrast
between ores and hosts, the presence of suitable sample materials, and the overall complexity
of the mineralising system. Both methods rely on the assumption that gold was mobilised and
deposited during the same hydrothermal event recorded by the analysed Pb and Nd isotopes.
This assumption is well-supported for Pb at the Tarcoola Goldfield, as galena can be shown
to be texturally associated with gold mineralisation. The assumption is less well-supported for
Nd, but is made on the basis that high-grade semi-massive stringer ore is composed of domi-
nantly new material evidently deposited during mineralisation. The Tarcoola Goldfield differs
from the Olympic Dam deposit, where Nd isotopes were used to great effect (Johnson &
McCulloch 1995, Campbell et al. 1998), in that the Nd composition of the ore is generally
lower than of the host rocks.
17.2 Pb ISOTOPES
Whereas the U-Pb method of dating relies on counting Pb accumulation in an initially Pb-free
mineral, the Pb-Pb method of dating relies on a record of lead isotope ratios being preserved
in a sample since the time of its formation. These initial lead ratios are then compared to a lead
isotope growth curve, and a relative age determined. The method requires analysis of minerals
with very low U/Pb and Th/Pb ratios that record the initial Pb isotope ratios of their forma-
tion environment, as well as an understanding of Pb isotope evolution of the Earth, and pref-
erably of the local environment.
Lead can form minerals from which U and Th are excluded, including galena (PbS) and K-
feldspar where Pb2+ substitutes for K+ (Faure 1986). The minerals have U/Pb and Th/Pb
ratios that are so low that their isotopic composition of Pb does not change over time, and
they therefore record the "common" Pb ratio of the reservoir from which they were formed
(Faure 1986). Galena is used to identify the initial Pb isotope ratio of ore deposits, and K-
feldspar is used to determine the initial Pb isotope ratio of igneous rocks (e.g. McCulloch &
Woodhead 1993, Ludwig & Silver 1977, Housh & Bowring 1991). The two minerals are often
used in conjunction with whole-rock Pb isotope data to investigate deposits thought to have
formed with some magmatic input (e.g. Carr et al. 1995, Stacey et al. 1968, Stacey & Hedlund
1983, Ojala et al. 1997, Qiu & McNaughton 1999, Tosdal et al. 1999).
Pb-isotope compositions of major stratabound sediment-hosted and volcanogenic massive
sulfide (VMS) deposits fall on or near a growth curve plotted in 206Pb/204Pb and 207Pb/204Pb
space, reflecting decay of 235U to 206Pb and 238U to 206Pb (Sun et al. 1994). The position of a
sample on the growth curve is determined by both geological age and history of U/Pb in the
source regions, expressed in terms of  value (238U/204Pb) (Sun et al. 1994).
Single-stage Pb growth models do not reflect observed Pb isotope ratios because U, Th and
Pb have been differently fractionated during Earth history. Cumming & Richards (1975)
developed a model for a continuously changing Earth, and found a steady linear increase in
A.R. Budd 303
Chapter 17: Neodymium and Lead Isotopes
U/Pb and Th/Pb to best approximate observed data. Stacey & Kramers (1975) developed a
two-stage model, with separation of crust from primordial reservoirs at ~3.7 Ga.
Modelling of ore leads by Stacey & Kramers (1975) and Cumming & Richards (1975) suggests
that U, Pb and Th have been variably partitioned into different reservoirs during the evolution
of the Earth. This is summarised by Zartman & Doe (1981) in a model of 'plumbotectonics',
which involved physically distinct Pb sources, that could become variably mixed by geological
processes including mineralisation. The main reservoirs in this model included upper crust,
lower crust, mantle, and a short-lived zone of mixing called the orogene. Initial lead isotope
values for the Earth are presumed to be those of the Canyon Diablo meteorite (e.g. Cumming
& Richards 1975).
Pb-isotope studies are complicated by the different geological histories of source rocks with
variable  values i.e. different types of mantle, lower crust, orogen, and upper crust (Zartman
& Doe 1981, Sun et al. 1994). In principle, a specific mixing model - involving different source
components - can be constructed for a region for which the geology is known in some detail
(Sun et al. 1994). Even so, a reliable model is difficult to formulate. The accuracy of Pb models
can be improved by using zircon U-Pb ages of volcanic rocks in the local stratigraphy (or
granitic rocks) as benchmark control points, and determining a suitable Pb-isotope evolution
model for the particular area (Sun et al. 1994).
The success of the Pb-growth dating method depends on careful definition of the local 'or-
ogene'. Large ore deposits often homogenise lead from a variety of local reservoirs, and
region-wide similarities in Pb isotope signatures of ore deposits is one of the key indicators of
potential deposit size suggested by Carr et al. (1995) for mineral explorers.
The model of linear increase in U,Th-Pb ratio of Cumming & Richards (1975) has been
applied to the KFS isotope data to develop four Pb evolution curves for the Tarcoola region.
The form of the equation used is:
  
 
 
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where:
X = 206Pb/204Pb (present day value of sample);
a0 = 206Pb/204Pb (initial = Canyon Diablo);
 = 238U/232Th present = 137.88;
Vp = 235U/204Pb (Vp  );
 = decay constant for 238U  206Pb = 0.155125 x 10-9/yr;
 = U/Pb rate change factor (inverse time).
A similar equation is used for 207Pb/204Pb, but with the initial ratio (b0) = 10.294 and  =
0.98485 x 10-9/yr.
By using the SHRIMP zircon age as the age t,  was found by minimising the difference
between the two equations for 206Pb/204Pb and 207Pb/204Pb. The value for  was substituted
back into the equations, and the difference again minimised to find the model age and the
model  (Table 17.4). Model Pb evolution curves can then be drawn for the 206Pb/204Pb ver-
sus 207Pb/204Pb plot (Figure 17.2 & 17.3). This was done for each KFS sample.
17.2.1 Previous Work
Fanning (1988) analysed 13 samples from the Tarcoola Goldfield (Table 17.1). Pb samples
were loaded onto single rhenium filaments using the phosphoric acid - silica gel technique,
and measured on a Finnigan MAT 261 multicolector mass spectrometer in static mode (Fan-
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ning 1988). Uranium was measured on the same mass spectrometer, samples being loaded
with phosphoric acid on single tantalum filaments (Fanning 1988).
Fanning (1988) found that the pyrites, galenas, feldspars and gold were essentially isotopically
homogeneous. Fanning (1988) noted that the feldspars separated from the 'Hiltaba-style'
granite are clouded by fine alteration products, but that rather than analyse successive leaches
of HF/HNO3 digests, an acid wash only was used to remove surface Pb. The Pb isotope
ratios for the two feldspar separates are coincident with those for mineralisation (Fanning
1988). Fanning (1988) commented that the feldspar Pb isotope ratios are probably slightly
more radiogenic than their true initial values, and also that circulating pore fluids enriched in
Pb probably modified the feldspar during alteration. Fanning (1988) concluded that notwith-
standing such uncertainties that the feldspar Pb and mineralisation Pb have a similar isotopic
composition, suggesting that the 'Hiltaba-style' granite is the source of the metals at Tarcoola.
Fanning (1988) calculated model ages using Stacey-Kramers parameters for the sulfides, gold
and feldspars ranging from 1613 to 1673 Ma, with a mean of ~1650 Ma, and  values ranging
from 9.71 to 9.92 with a mean of 9.80. The age calculated using Cumming & Richards (1975)
parameters is estimated to be ~1600 Ma (Fanning 1988).
17.2.2 Samples & Sampling Rationale
It was decided to perform another Pb isotope study at Tarcoola to make use of advances in
analytical techniques, and as an adjunct to other analytical work on the same samples. At the
time the sample set was assembled (prior to the SHRIMP dating of this study), the granites at
Tarcoola were thought to be Hiltaba-aged (Fanning 1997). The samples were selected to: (a)
establish a local 'orogenic' Pb signature at ~1580 Ma; (b) use this locally-derived growth curve
and the isotope values of galenas as an independent estimate of the age of mineralisation; (c)
attempt to constrain possible sources of the Pb. Sample locations are shown in Figure 17.1.
K-feldspar separates were taken from four granite samples which were dated by the zircon U-
Pb SHRIMP method (Table 17.2). These samples were the dominant monzogranite phase of
the Paxton Granite at Tarcoola (sample 2004), and two plutons of the Hiltaba Association –
the Kychering Granite west of Tarcoola (2167) and the Pegler Granite north of Tarcoola
(2193). Sample 2005D represents the volumetrically minor quartz monzonite of the Paxton
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Sampno
Field
# Location Material U ppm Pb ppm
 
Pb/
 
Pb
 
Pb/
 
Pb
 
Pb/
 
Pb
5836 A210/88 S1 gold 0.02 62.1 15.922 15.359 35.699
5836 A211/88 S2 dyke, level 3 McKechnie Reef dyke wr 1.23 8.58 17.49 15.482 37.633
5836 A186/88 TC3 dyke, TD2 173'3"-174' dyke wr 4.97 13.2 19.326 15.656 38.768
5836 A212/88 S3 QTZ vein, level 3 Fabian Reef quartz wr 0.959 959 16.156 15.406 36.03
5836 A196/88 TC13 QTZ vein, granite area quartz wr 1.44 648 16.428 15.469 36.388
5836 A214/88 S5 SUL-rich QTZ vein level 2 pyrite - 21690 15.908 15.376 35.734
5836 A189/88 TC6 Sullivans pyrite 1.63 11150 15.907 15.366 35.712
5836 A190/88 TC7 Sullivans pyrite 0.013 17910 15.931 15.364 35.717
5836 A195/88 TC12 Perseverance pyrite - 2916 15.883 15.352 35.68
5836 A184/88A TC1A
Massive shale Wilgena #1
338'4"-339' shale wr 5.79 47 18.263 15.668 38.915
5836 A184/88B TC1B
Finely laminated shale Wilgena
#1 338'4"-339' shale wr 6.1 30.2 18.956 15.746 40.178
5836 A187/88 TC4 granite TD2 164'-164'9" kfs 0.104 38.1 15.864 15.356 35.67
5836 A188/8 TC5 granite TD1 198'-198'8" kfs 0.276 41.3 15.879 15.361 35.679
5836 A189/88 TC6 QTZ vein, Sullivans galena 15.902 15.368 35.704
5836 A190/88 TC7 QTZ vein, Sullivans galena 15.908 15.345 35.649
5836 A195/88 TC12 QTZ vein, Perseverance galena 15.872 15.388 35.639
5836 A214/88 S5 SUL-rich QTZ vein level 2 galena 15.899 15.371 35.371
Table 17.1. U-Pb and Pb isotope data of Fanning (1988) for the Tarcoola Goldfield. wr = whole-rock.
Granite, but at the time that the samples were analysed its petrogenetic relationships were not
known. It was anticipated that these four samples, along with the SHRIMP dating, would pro-
vide sufficient constraints to derive a localised Pb isotope growth curve.
Whole rock powders of samples 2004, 2005D & 2007A were analysed (Table 17.2). 2007A is a
pyrite-sericite-hematite altered granite with slightly anomalous gold values, and K-feldspar
from this sample was expected to be altered. Therefore, whole rock powders of 2004 &
2005D, which are least-altered samples of the Paxton Granite, were also analysed, with the
aim of using these as comparison against the altered sample 2007A.
Seven samples of galena were analysed (Table 17.2). Five are from various styles of minerali-
sation from Perseverance, (2017A, 2211A, 2211C, 2220B, 2221C) and two (2201C, 2202I) are
from quartzites with low-grade disseminated sphalerite-galena, away from the Perseverance
mineralisation (Figure 17.1, Chapter 12.5).
Sample 2205 is a gold-pyrite mix from a very narrow 277 g/t Au gold - pyrite - carbonate -
quartz vein in (graphitic) shale, near the Tarcoola Blocks Mine, and in an analogous structural
and stratigraphic position to the Tarcoola Blocks mineralisation (Figure 17.1). Two attempts
to separate gold from pyrite wer made, one by the author, and another by Dr Roland Maas,
who analysed two separate aliquots (Appendix IV).
17.3 Pb ISOTOPE RESULTS
The Pb isotope data from this study allow some constraints to be placed on the source of Pb
in the gold-related mineralisation, and on the timing of two types of mineralisation (Table
17.3). The KFS results from four granites which have been reliably dated by the zircon U-Pb
SHRIMP method allow the development of four Pb isotope evolution curves. Unfortunately,
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Figure 17.1. Location of Pb-Pb isotope samples, this study. See Figure 10.5 for location of this excerpt
within the Tarcoola Goldfield.
A.R. Budd 307
Part III: Tarcoola Goldfield Chapter 17: Pb & Nd Isotopes
Sampno
Unit
Location Host Description Material / Description Comments
2004
Paxton
GP028RD
360.4m
Coarse-grained hornblende-biotite
monzogranite
KFS (0.089 g): Fine water-clear
grains with some very fine
microperthite. Minimal red staining
or alteration. Excellent sample.
Whole rock powder (0.055 g).
Least-altered granite sample.
Dominant granite at Tarcoola.
Dated 1718.1 ± 3.9 Ma
SHRIMP zircon. 1 ppb Au, 31
ppm Pb.
2005D
Paxton
GP004D
148m
Slightly altered (chloritised) medium-
grained hornblende-titanite(-biotite)
quartz monzonite.
KFS (0.050 g): Fine cloudy grains,
sericitised or hematised grains
mostly excluded.
Whole rock powder (0.181 g)
Minor mafic endmember of
Paxton Suite. Dated 1714.8 ±
2.8 Ma SHRIMP zircon.
2007A
Paxton
GP033RD
238.85m
Moderately to strongly sericite-
(hematite) altered coarse-grained
hornblende-biotite monzogranite.
Whole rock powder (0.155 g) Altered granite sample.
Anomalous (473 ppb) gold, 94
ppm Pb. Sericite Ar-Ar dated at
1576 ± 5 Ma.
2167
Kychering
32km W
of Tarcoola
Medium to coarse-grained KFS-
porphyritic muscovite-(titanite)
monzogranite.
KFS (0.077 g): Weakly-moderately
cloudy with prominent microperthite.
Some hematite and sericite
alteration of KFS/plag grains, and
some quartz present, but excluded.
Part of Hiltaba Suite. Dated
1574.0 ± 4.5 Ma SHRIMP
zircon. Weak alteration. Host
to Kychering Goldmine?
2193
Pegler
65km N
of Tarcoola
Medium-grained KFS-porphyritic
biotite-hornblende monzogranite.
KFS (0.153 g): Mostly clear, little
sericite or hematite alteration.
Pronounced microperthite.
Finer-grained example of
Hiltaba Suite granites. High
magnetic signature. Dated
1590 Ma SHRIMP zircon.
2017A
Alteration
TD005
80.4m
Strongly quartz-sericite altered and
veined coarse-grained hornblende-
biotite monzogranite with CCB-GA-
SPH-PY mineralisation. Sulphide
textures indicate they grew together.
Galena handpicked from heavy
mineral concentrate.
Anomalous gold (0.84 g/t).
Sericite Ar-Ar dated at 1587 ±
5 Ma.
2201C
Quartzite
TCD009
341.8m
Fine-grained fairly clean quartzite
with minor SPH-GA disseminations
up to 4mm.
Fine-grained galena scratched from
hand sample, then hand picked
under microscope.
Distal to granites. Outcrops
contain spotty sulfides.
2202I
Quartzite
TCD005
238m
Fine-grained fairly clean quartzite
with minor SPH-GA disseminations
up to 10mm.
Fine-grained galena scratched from
hand sample, then hand picked
under microscope.
Distal to granites. Outcrops
contain spotty sulfides.
2211A
Limestone
GP005D
92.4m
Precursor uncertain (probably
limestone). Strongly silicified,
carbonate ± chlorite veining. 10%
disseminated PY-SPH-GA to 3mm.
Fine-grained galena scratched from
hand sample, then hand picked
under microscope.
0.5 % Pb, 0.9 % Zn, 15.5 g/t
Ag, 2.29 g/t Au.
2211C
Paxton
GP005D
101.37m
SUL-CCB-CHL vein 3cm wide
dominated by galena in quartz
(-sericite) altered monzogranite.
Medium to fine-grained galena
scratched from hand sample, then
hand picked under microscope.
Near contact with Euro
Limestone. 1.89 % Pb, 0.3 %
Zn, 13.5 g/t Ag, 0.64 g/t Au.
2220B
Paxton
GP005D
190.77m
GA-SPH-PY-QTZ-CCB veining
~5cm wide in quartz(-sericite)
altered monzogranite.
Medium to fine-grained galena
scratched from hand sample, then
hand picked under microscope.
Very strongly altered granite.
2.8 % Pb, 1 % Zn, 42.5 g/t Ag,
11.85 g/t Au.
2221C
Paxton
GP002D
200.65m
Almost massive sulfide; thick section
of very fine banded GA-SPH-PY
with CHL±CCB gangue in extremely
altered monzogranite.
Medium to fine-grained galena
scratched from hand sample, then
hand picked under microscope.
Very high grade: 7 % Pb, 8.7
% Zn, 112 g/t Ag, 98 g/t Au,
elevated As, Bi, Co, Cu, Mo ±
Cr
Table 17.2 Description of Pb isotope samples from this study, analysed by Roland Maas (University of
Melbourne).
the Tarcoola Formation and Lady Jane Diorite reservoirs were unable to be defined. Galena
from gold-related mineralisation forms a tight cluster, but galena occurring as disseminations
in quartzite of the Tarcoola Formation are unrelated to the gold mineralisation, and are some-
what younger than the other galenas.
The analyses of galena for this study have similar 206Pb/204Pb ratios to those of Fanning
(1988), but lower 207Pb/204Pb and 208Pb/204Pb (Figure 17.2). This is attributed to advances in
analytical methods, such as the use of thallium doping to correct for instrumental mass
fractionation.
Model ages were calculated for each mineral separate by each of the four evolution models
(Table 17.4). In all models, the galena disseminated in quartzite is >100 Ma younger than
galenas associated with gold mineralisation, and the Au-pyrite mix is ~400 Ma younger,
reflecting radiogenic Pb addition.
Of the four Pb isotope evolution models calculated (Table 17.4), only the Paxton quartz mon-
zonite (sample 2005D) and Kychering model curves have been shown (Figures 17.2 & 17.3).
The Pegler KFS has retarded uranogenic Pb, and is therefore anomalously primitive (Chapter
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Sample Material
 
Pb/
 
Pb
 
Pb/
 
Pb
 
Pb/
 
Pb
2201C galena 16.137 15.409 35.863
2202 I galena 16.191 15.426 35.931
2017A galena 15.899 15.347 35.65
2211C galena 15.887 15.343 35.63
2220B galena 15.89 15.348 35.644
2211A galena 15.889 15.348 35.649
2221C galena 15.893 15.348 35.652
2205.1 Au, pyrite 16.888 15.535 37.487
2205.2 Au, pyrite 16.703 15.508 37.271
2004 Paxton MZG kfs 15.787 15.328 35.48
2005D Paxton QMZN kfs 15.738 15.314 35.416
2167 Kychering kfs 15.91 15.33 35.7
2193 Pegler kfs 15.669 15.292 35.609
2004 wr* Paxton MZG wr 19.36 15.707 40.764
2004 wr* Paxton MZG wr 19.359 15.707 40.764
2004 wr* Paxton MZG wr 19.356 15.706 40.764
2005D wr* Paxton QMZN wr 17.783 15.536 38.774
2007Awr* Alt Paxton MZG wr 16.972 15.455 37.211
2004 wr Paxton MZG wr 19.39 15.717 93.113
2005D wr Paxton QMZN wr 17.826 15.548 102.789
2007A wr Alt Paxton MZG wr 16.998 15.464 75.55
Broken Hill galena run with samples
BH1 galena 16.006 15.392 35.667
BH1 galena 16.008 15.394 35.674
earlier results for Broken Hill galena
BH1 Central lode galena 16.005 15.39 35.661
BH1 Central lode 16.004 15.389 35.661
Richards, 1986 Broken Hill standard ore 16.004 15.389 35.651
U, ppm Pb, ppm
 
U/
 
Pb
2004 wr Paxton MZG wr 4.83 28.55 11.219
2005D wr Paxton QMZN wr 3.15 28.77 6.897
2007A wr Alt Paxton MZG wr 4.6 86.14 3.257
Table 17.3. Pb isotope results, Tarcoola Goldfield, Pegler & Kychering plutons. Analysed by R. Maas,
University of Melbourne. * = unspiked.
9.3.2). Two KFS samples from the Paxton Granite were analysed (although it was not known
when the samples were submitted that they were related). 2005D is from a volumetrically
minor quartz monzonite phase that occurs as dykes or sills crosscutting the main syenogranite
phase represented by sample 2004. K-feldspar from 2005D is less radiogenic than 2004, and
for this reason has been used to generate a Pb evolution curve for the Paxton Granite. The
Kychering curve has been taken as possibly representative of the HAG in the Tarcoola
Region. The differences between the Pegler and Kychering KFS Pb isotope ratios suggests
that the HAG are not homogeneous in the Tarcoola region, so the extent to which the
Kychering curve is representative of the HAG is not known.
Model ages for galena (this study only) calculated by the Paxton quartz monzonite model have
a mean of 1644.2 Ma, with a standard deviation of 2.5 (Table 17.4). Also, On a curve plotted
using the parameters of Stacey & Kramers (1975), the galena from the Tarcoola Goldfield
from this study have an age of ~1645 Ma. The model galena mineralisation ages derived from
the Paxton Granite curve must be considered as maximum ages because of the tendency of
KFS to have excess radiogenic Pb. This Pb-Pb model age provides a maximum age for gold-
related alteration, and is bracketed by, and geologically consistent with, an older depositional
age for the Tarcoola Formation of 1656 ± 7 Ma (Fanning 1990), and the minimum age of
hydrothermal alteration of ~1580 Ma provided by 40Ar/39Ar dating of sericite (Chapter 15).
Model curves for the Tarcoola Formation and the Lady Jane Diorite cannot be made, and
without these no firm conclusions can be made regarding the Pb isotope data, other than that
the Paxton Granite cannot be the only source of Pb. KFS in the Lady Jane Diorite is too fine
to be easily analysed, and its fine grainsize and resulting high surface area to volume ratio
would make it susceptible to Pb mobility. KFS is a common component of parts of the Tar-
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Paxton
monzogranite model
Paxton quartz
monzonite model
Kychering model Pegler model
Sample Material age (Ma)  age (Ma)  age (Ma)  age (Ma) 
2201C galena 1572 12.16 1546 11.74 1495 10.96 1364 9.24
2202 I galena 1553 12.19 1527 11.77 1475 10.99 1342 9.26
2017A galena 1668 12.10 1644 11.68 1597 10.90 1476 9.18
2211C galena 1672 12.09 1648 11.67 1601 10.90 1481 9.17
2220B galena 1674 12.11 1650 11.69 1603 10.91 1484 9.18
2211A galena 1674 12.11 1651 11.69 1604 10.91 1484 9.18
2221C galena 1672 12.11 1648 11.69 1602 10.91 1482 9.18
2205.1 Au, pyrite 1227 12.21 1194 11.79 1128 11.02 955 9.31
2205.2 Au, pyrite 1313 12.20 1283 11.79 1221 11.01 1059 9.30
2004 K-feldspar 1722 12.11 1699 11.69 1654 10.90 1539 9.17
2005D K-feldspar 1741 12.09 1719 11.67 1674 10.89 1562 9.16
2167 K-feldspar 1647 12.04 1623 11.62 1575 10.85 1452 9.13
2193 K-feldspar 1767 12.06 1745 11.65 1701 10.86 1591 9.14
S1 gold 1659 12.05 1635 11.63 1591 10.91 1470 9.18
S5 pyrite 1681 12.11 1658 11.69 1615 10.96 1496 9.23
TC6 pyrite 1674 12.08 1650 11.66 1607 10.94 1487 9.20
TC7 pyrite 1657 12.06 1633 11.64 1589 10.92 1468 9.19
TC12 pyrite 1677 12.05 1654 11.63 1611 10.91 1491 9.18
TC4 K-feldspar 1692 12.07 1669 11.65 1626 10.93 1509 9.20
TC5 K-feldspar 1687 12.08 1664 11.66 1621 10.94 1503 9.20
TC6 galena 1678 12.09 1655 11.67 1612 10.94 1493 9.21
TC7 galena 1656 12.01 1632 11.60 1588 10.88 1467 9.16
TC12 galena 1713 12.17 1690 11.75 1648 11.01 1533 9.27
S5 galena 1683 12.10 1659 11.68 1616 10.95 1498 9.22
Table 17.4.  Pb/ Pb model ages and model  ( U/ Pb) values calculated by Cumming & Richards
(1975) linear increase in U/Pb. Zircon ages for plutons from which KFS were analysed are in bold italics.
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Figure 17.2.  Pb/ Pb versus  Pb/ Pb plot (top) and  Pb/ Pb/ versus  Pb/ Pb plot (bottom) for
all Pb isotope data for the Tarcoola Goldfield and Pegler and Kychering Hiltaba Association granites
(this study & Fanning 1988).
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Figure 17.3. Top:  Pb/ Pb versus  Pb/ Pb plot of minerals from Tarcoola Goldfield, Kychering and
Pegler plutons. Paxton quartz monzogranite and Kychering evolution curves shown (ages in Ga). Bottom:
 Pb/ Pb versus  Pb/ Pb plot of minerals from the Tarcoola Goldfield, Pegler & Kychering plutons.
Pegler has ‘retarded’ uranogenicPb. Data points are error ellipses.
Figure 17.4. Uranogenic  Pb/ Pb isochron for the Paxton Granite, Tarcoola. Error bars smaller than
size of symbols.
coola Formation, so several samples could have been analysed. However, each of the pack-
ages of the Tarcoola Formation would be expected to reflect different source regions. Zircon
dating shows that there are at least two very different components: zircons from the basal
granitic conglomerate show derivation from proximal granite of approximately the same age
as the Paxton Granite at ~1730 and ~1715 Ma (Chapter 11.3.2), while Fanning (1990)
recorded a zircon date of 1656 ± 7 Ma in the Sullivan Shale, which is very similar to the age of
the Urquart Shale at Mount Isa (Page et al. 2000).
17.3.1 Possible sources of Pb
The galenas analysed in this study fall on or close to the Paxton evolution curve (Figure 17.3).
This is strongly suggestive that a proportion of the Pb in the mineralising system was leached
from the Paxton Granite. Some of the galenas plot slightly above the curve, on the evolution
curve generated by using sample 2004 (not shown). This indicates that there is also a more
evolved Pb source.
Two reservoirs present at the Tarcoola Goldfield, but untested because of technical problems
(no suitable high-Pb low-U mineral) are the Lady Jane Diorite and the Tarcoola Formation.
Epsilon Nd values for the Lady Jane Diorite are close to zero, indicating a relatively primitive
origin. Presumably Pb would also be primitive, therefore an evolution curve for the Lady Jane
Diorite would plot below that of the Kychering curve. Conversely, being a mix of crustal-
derived sedimentary packages, the Tarcoola Formation would be expected to form several
curves above the Paxton curve. A mixing line between the theoretical crustal and primitive
sources passing through the galena data from this study is shown in Figure 17.3.
17.3.2 Paxton Granite age
The 207Pb/206Pb age of KFS and whole-rock samples of the Paxton Granite was calculated
using ISOPLOT (Ludwig 2001). A Model 2 isochron was fitted, giving an age of 1788 ± 91
Ma, with a MSWD of 24 and probability of zero (Figure 17.4). If the altered sample 2007A is
excluded, the Model 2 age is 1789 ± 100 Ma with a MSWD of 20. If only the syenogranite
samples (2004 KFS & WR, 2007A) are used the Model 2 age is 1762 ± 330 Ma with a MSWD
of 17. All of the calculated ages are within error of the SHRIMP ages of the Paxton Granite of
~1715 Ma. This indicates that the Pb system has not been disturbed in unaltered samples.
Sample 2007A is moderately altered (Table 17.2) having the same U content of 2004, but with
three times as much Pb. The Pb added to this sample would be expected to have the same iso-
topic ratio as the galena associated with gold mineralisation. This is further evidence that the
Paxton Granite was a source for Pb in the alteration system, as they are close to being in equi-
librium at the time of the mineralising event.
A 238U/206Pb age was calculated using ISOPLOT for whole-rock samples 2004 & 2005D of
the Paxton Granite. The Model 1 age is 1991.5 ± 3.5 Ma, and the initial 206Pb/204Pb ratio is
15.329 ± 0.0072. This age indicates that the system has lost U, thereby slowing down the
radiogenic clock and giving an old age.
17.3.3 Galena disseminated in quartzite
Galena is an excellent mineral for the Pb-Pb dating method, as it excludes U during crystallisa-
tion, and because it is 50% (by stoichiometry) Pb, any radiogenic Pb from U-bearing inclu-
sions is swamped by the galena Pb. The robustness of the method means that the unexpected
result that the two samples of disseminated galena in quartzite have ages significantly younger
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than the main gold mineralising event cannot be dismissed. Kneeshaw (2003) suggested that
this style of mineralisation was located along stratigraphy of certain porous units adjacent to
the NE–NW structures related to the gold mineralisation. The Pb isotope results require an
event ~100 Ma younger than the gold mineralising event, which reactivated previous fluid
pathways, but which did not reset the Ar-Ar system which closed at ~1580 Ma. Alternatively,
the Pb in these two galena samples may have been sourced from a different reservoir to that
of the gold-related mineralisation, and deposited at the same time as the gold mineralisation.
Such a reservoir would need to be much more highly evolved than that approximated by the
Paxton evolution model, and this scenario would also require strict zoning of fluid pathways,
which is considered unlikely given the observation of Kneeshaw (above) that this dissemi-
nated galena-sphalerite mineralisation is situated adjacent to auriferous structures. However,
if such zoning did occur, then these two samples may be representative of the evolved end-
member of the possible mixing system (Figure 17.3).
17.3.4 Au-pyrite mix sample 2205
Sample 2205 is a narrow but high-grade gold-pyrite-carbonate vein in graphitic black shale
(Table 17.2). Despite two attempts at separation (one by the author, another by R. Maas), pure
gold could not be obtained, and as a result the measured Pb isotopes are probably radiogenic
(Figure 17.2). Uranium analysis of the sample would be necessary to confirm this.
17.3.5 Pegler KFS sample 2193
The Pegler pluton has retarded uranogenic Pb; the 206Pb/207Pb age is lower than the zircon
age, but the 208Pb/204Pb 'age' is about right. Using a Cumming & Richards (1975) model for
Pb growth based the Pegler pluton gives ages considerably younger than the Kychering or
Paxton models because of the relatively low initial 238U/204Pb ratio. These results are dis-
cussed in more detail in Chapter 9.3.2.
17.4 Nd ISOTOPES
The neodymium isotope method was applied in an attempt to trace the source of Nd in the
hydrothermal fluid. This was done by analysing representative samples from each of the
potential reservoirs at Tarcoola, and comparing their Nd values calculated at 1580 Ma (the age
of hydrothermal alteration, based on 40Ar/39Ar and Pb-Pb data). Epsilon Nd is a measure of
deviation from 'chondritic uniform reservoir' (CHUR), which approximates the evolution of
Sm/Nd in the Earth (Faure 1986). The Nd parameter is useful because it contains genetic
information on the source of the rock (i.e. crustally-derived, or mantle-derived), the calcula-
tion is independent of the convention used to normalise the isotopic ratios of Nd, and it can
be calculated at whatever age of interest. Sm-Nd isotopes also provide genetic and geo-
chronological information in addition to their use in tracer studies. This aspect of the data has
been discussed in Chapters 2, 3 and 9.
The potential reservoirs sampled at Tarcoola include the Paxton Granite, the Lady Jane Dio-
rite, and the Tarcoola Formation (Table 17.5). Previous studies have provided information on
additional possible reservoirs in the Tarcoola region, outside the immediate area of the Gold-
field (Table 17.8).
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Figure 17.5. Location of Sm-Nd isotope samples, this study. See Figure 10.5 for location of this excerpt
from within the Tarcoola Goldfield.
Sampno
Hole /
Depth (m) Unit Description Comments
2005D GP004D
148 - 149.1
Paxton Slightly altered hornblende-titanite-
biotite quartz monzonite
Most mafic phase; SHRIMP zircon age
of 1715 Ma
2004 GP028RD
360.4 - 362
Paxton ‘Least-altered’ sample of coarse-grained
hornblende-biotite-titanite monzogranite
Main phase; SHRIMP zircon age of
1718 Ma
2008B* GP078D
54.8 - 57.5
Paxton Slightly altered biotite-titanite
syenogranite
Fractionated phase; SHRIMP zircon age
of 1715 Ma
2007A GP033RD
238.85 - 239.9
Paxton Strongly sericitised cg granite. 493 ppb
Au, 2% pyrite.
Sericite Ar-Ar age 1576±3 Ma
2007D* GP033RD
228.5 - 229.3
LJD Hornblende-phenocrystic amydaloidal
microdiorite
Equivalent to 2008A dated by
hornblende Ar-Ar at 1580 Ma
2009A GP032RD
263 - 263.8
LJD Chlorite-pyrite altered microdiorite.
Magnetite destroyed.
Equivalent to 2008A, hydrothermally
overprinted.
2202A TCD005
169.7 - 169.97
TFm Thin lam SDST/SLST No sulfides so should be representative
of Tarcoola Formation quartzite Nd
reservoir.
2201G TCD009
374.8 - 374.95
TFm Massive black SHLE No sulfides so should be representative
of Tarcoola Formation shale Nd
reservoir.
2202I TCD005
238 - 238.28
TFm QZT with diss GA+SPH Disseminated sulfides formed during
diagenesis, not mineralisation event?
2017A TD005
80.4 - 80.5
Paxton Strongly sericitised granite. Brecciated,
pyrite-sphalerite-galena.
Sericite Ar-Ar age 1582±4 Ma
2221A GP002D
198.4 - 198.6
Paxton Sulf+carb veined ore – GRT 52 g/t Au
2221C GP002D
200.7 - 200.85
Paxton Massive sulfide ore – GRT 105 g/t Au
Table 17.5. Description of samples for Nd isotope analysis. Samples marked with an * were analysed at
the University of Adelaide, all others were analysed by Roland Maas at the University of Melbourne. LJD
= Lady Jane Diorite. Tfm = Tarcoola Formation.
17.4.1 Samples & sampling rationale
Three potential REE reservoirs are evident at Tarcoola: the Paxton Granite; the Lady Jane
Diorite; and the Tarcoola Formation. Both unaltered and altered samples were taken of these
reservoirs. The two types of mineralisation at Tarcoola were also sampled. The location of the
samples is shown in Figure 17.5 and listed in Table 17.5.
17.4.2 Paxton Granite
Three samples of the Paxton Granite were selected for analysis. 2004 represents the main
monzogranite phase of the Granite, 2008B represents the fractionated syenogranite parts of
the Granite, and 2005D represents the minor mafic quartz monzonite endmember of the
Granite (Chapter 2). All of these samples have been SHRIMP dated at ~1720 Ma. Sample
2008B was analysed at the University of Adelaide, the others were analysed at the University
of Melbourne.
17.4.3 Lady Jane Diorite
Sample 2007D (analysed at University of Adelaide) is unaltered except for lower greenschist
facies metamorphism, i.e. chloritisation of some hornblende and groundmass interpreted to
be devitrified glass. Magnetite is unaltered, which indicates that this sample has not been
affected by the hydrothermal system as magnetite appears to be highly susceptible to break-
down by the hydrothermal fluid. It was thought that this sample should reflect the primary Nd
signature of magma, and be similar to other HAG intermediate magma signatures (c.f. Konk-
aby Basalt of Stewart 1994).
17.4.4 Unaltered Tarcoola Formation
The Tarcoola Formation contains several potentially different reservoirs for REE. Each of
the facies are likely to have different parentages, and therefore different Sm-Nd contents.
Because of financial restrictions, only two samples of the most voluminous facies of sediment
were selected, with care being taken to select samples that have not seen the hydrothermal
fluid. The two samples selected are from drilling by Anglogold (Figure 17.5) to the east of Per-
severance and the Tarcoola Blocks mining area. These samples are from the middle parts of
the Tarcoola Formation stratigraphy, and are host to mineralisation in the Tarcoola Blocks
area, but not in the Perseverance deposit.
2202A is a sample of finely interlayered sandstone/siltstone, informally termed the Pink and
Green beds.
2201G is a sample of black shale, which in the Tarcoola Blocks Mine area is intensely serici-
tised and pyritised and host to gold mineralisation.
17.4.5 Altered granite samples
One sample of altered Paxton monzogranite was analysed - 2007A was also analysed for
40Ar/39Ar dating of sericite, and Pb isotopes. It has anomalous Au (473 ppb - Analabs analy-
sis). Whole-rock geochemical analysis shows that it has very similar Nd, Sm & U contents to
the unaltered sample 2004, but that Pb is three times higher. Given the very altered appear-
ance of this sample, the chemical robustness of this sample is remarkable (Chapter 13).
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17.4.6 Altered Lady Jane Diorite
Sample 2009A contains secondary pyrite, anomalous gold, and has lost its magnetite. There-
fore the shift in Sm-Nd isotopes between this sample and 2007D should show the effect of
the hydrothermal fluid.
17.4.7 Gold-related ore samples
Two high-grade ore samples were selected, and one lower-grade less altered sample. 2221A
contains 52 g/t Au over the interval assayed by Grenfell Resources, while 2221C was assayed
at 105 g/t Au. Both are from drillhole GP002D, within two metres of each other. Two adja-
cent samples were selected to provide a check on variability within the ore system. The pre-
cursor to both of these samples was the Paxton Granite; this is a better understood lithol-
ogy/reservoir than other rocktypes. The massive sulfide ore sample (2221C) Nd should
mostly, if not all, be of hydrothermal origin. The other sample (2221A) may be mix between
granite and hydrothermal Nd, but given the high Au content (therefore presumably large
hydrothermal input) should be closer to the ore signature and on a mixing line with granite.
Sample 2017A has 0.86 g/t Au in the intersection from which the sample was taken (Grenfell
assay). Galena from samples 2221C & 2017A have the same Pb isotope ratios.
17.4.8 Disseminated sulfides in quartzite
Sample 2202I is a sericitised fine- to medium-grained quartzite, containing poikilitic dissemi-
nated galena, sphalerite and fluorite. It was selected to test whether these sulfides were depos-
ited from a different fluid to the gold-related sulfides.
17.5 Nd ISOTOPE RESULTS
The results from this study are given in Table 17.6. Calculated at 1580 Ma, Nd values of the
three potential reservoirs are distinct. The Lady Jane Diorite is +0.1, the Tarcoola Formation
is between -1.6 to -4.5, and the Paxton Granite is between -6.1 to -7.5 (Tables 17.6–8).
17.5.1 Paxton Granite
The dominant coarse-grained hornblende-biotite-titanite monzogranite (2004) and minor
medium-grained hornblende-titanite quartz monzonite (2005D) phases have very similar
147Sm/144Nd and 143Nd/144Nd ratios (Table 17.6 and Figure 17.7). The fractionated biotite
syenogranite phase (2008B) has lower ratios, which may indicate a greater crustal component
(Chapter 2). Interestingly, sample 2007A has very similar Sm-Nd isotope values to samples
2004 & 2005D. 2007A is moderately to strongly altered, including by fluorite, which is often a
sink for Nd. The 147Sm/144Nd and 143Nd/144Nd ratios suggest that this sample has remained
in isotopic equilibrium with the unaltered Paxton Granite, and that the hydrothermal fluids
that have altered this sample have not mobilised Sm or Nd, and that the fluorite has grown
from fluorine and calcium derived from the local breakdown of hornblende, plagioclase and
biotite.
Ages were calculated using the ISOPLOT (Ludwig 2001) add-on for Excel (Figure 17.6). The
statistically best age is given for samples 2004, 2005D & 2007A. Sample 2008B does not fit an
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Sampno
Sm
(ppm)
Nd
(ppm)

Sm/

Nd

Nd/

Nd 2SE Age 	

Initial

Nd/

Nd I
CHUR Nd	

Model
age
Multi
model
age
2005D 9.63 60.2 0.0967 0.511288 9 1719 0.510195 0.510414 -4.3 2050 2510
2004 10.53 66.55 0.0956 0.511273 7 1722 0.51019 0.510410 -4.3 2050 2520
2004 rpt 10.22 64.58 0.0957 0.511255 9 1722 0.510171 0.510410 -4.7 2080 2540
2008B* 6.5 42.3 0.0926 0.511176 9 1715 0.510131 0.510419 -5.7 2130 2610
2007A 10.71 64.87 0.0998 0.511312 10 1722 0.510182 0.510410 -4.5 2080 2530
2007D* 5.6 27.4 0.1230 0.511878 8 1582 0.510599 0.510592 0.1 1570 2060
2009A 6.31 29.05 0.1312 0.511967 10 1582 0.510602 0.510592 0.2 1560 2060
2202A 3.19 16.26 0.1185 0.511661 9 1657 0.51037 0.510495 -2.4 1900 2320
2201G 6.63 38.07 0.1053 0.511457 9 1657 0.51031 0.510495 -3.6 1960 2410
2201G rpt 6.57 37.72 0.1053 0.511464 10 1657 0.510317 0.510495 -3.5 1950 2400
2202I 1.79 9.99 0.1083 0.511361 7 1657 0.510181 0.510495 -6.1 2190 2600
2017A 3.5 18.79 0.1126 0.511412 13 1580 0.510243 0.510595 -7.0 2210 2590
2221A 0.31 1.82 0.1038 0.511389 15 1580 0.510311 0.510595 -5.6 2040 2490
2221C 1.7 6.91 0.1485 0.511969 10 1580 0.510427 0.510595 -3.3 2110 2320
Table 17.6. Results of Sm-Nd isotopic analysis for this study. Samples analysed by Dr Roland Maas at
Melbourne University (MU) except for * analysed at University of Adelaide (UAd). Analysis parameters
for MU are: La Jolla = 0.51186; Sm/Nd CHUR = 0.1967;
Nd/Nd CHUR = 0.512638. Parame-
ters for UAd: Nd/Nd = 0.7219; La Jolla = 0.51186.
Initial Nd/Nd = (Nd/Nd	
 –
Sm/Nd	
)(e
 –1).
ICHUR =
Nd/Nd ratio of CHUR at age of formation = ICHUR –
Sm/Nd CHUR(e
 –1).
Nd	 = ((
Nd/Nd/ICHUR)–1) x 10
.
Model age = 1/·ln((Nd/Nd	
–ICHUR)/(
Sm/Nd	
–
Sm/Nd CHUR)+1) (Goldsteinetal.1984)
Multi (two-stage) model age = ((-0.456·Nd)+(5.051·t(Ga))+4.56)/6.051. Assumes a Sm/Nd ratio of
0.11 before melting to eliminate fractionation due to partial melting and/or crystallisation effects (D.
Champion written comm., see also Smithies et al. 2005)
Figure 17.6. Sm-Nd isochron for the Paxton Granite. Percentage errors are calculated from the two analy-
ses on sample 2004 (Table 17.6).
isochron very well. The calculated age for the three samples is 1720 ± 1300 Ma, with an initial
143Nd/144Nd ratio of 0.51019 ± 0.00084, a MSWD of 0.61, and a probability of 0.61. Sample
2008B, of the fractionated syenogranite phase of the Paxton Granite, is suggested to contain a
greater crustal component than 2004 or 2005D. Note that the zircon ages are the same as each
other; therefore it is not a different magma batch. As noted above, sample 2007A does not
show alteration of the Sm-Nd system at this scale, and hence can be used in the isochron
calculation.
17.5.2 Lady Jane Diorite
The unaltered sample 2007D has a slightly positive Nd value, indicating derivation from a
primitive source. This differs from the Konkaby Basalt of Stewart (1994) which is slightly
negative (Table 17.8). Sample 2009A of the Lady Jane Diorite is altered, and has slightly
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Sampno Unit 	

2005D Paxton -6.1
2004 Paxton -6.2
2004 rpt Paxton -6.5
2008B* Paxton -7.5
2007A Paxton -6.3
2202A Tarcoola Fmn SDST/SLST -3.2
2201G Tarcoola Fmn shale -4.5
2201G rpt Tarcoola Fmn shale -4.4
2202I QZT with diss suls -7.0
Table 17.7.  values for Paxton Granite and Tarcoola Formation calculated at time of mineralisation
1580 Ma. Fmn = Formation, SDST = sandstone, SLST = siltstone, diss suls = disseminated sulfides.
Sampno Description
Sm
(ppm)
Nd
(ppm)

Sm/

Nd

Nd/

Nd 2SE
Initial

Nd/

Nd 	

Model
age
Multi
stage
age
1077-34  Cooladding granite 7.76 48.36 0.0965 0.511453 61 0.51045 -2.8 1800 2290
1077-32  Gibraltar granite 3.98 25.62 0.0935 0.511401 56 0.51043 -3.2 1820 2310
1077-33  Gibraltar granite 3.76 27.56 0.0821 0.511242 51 0.51039 -4.0 1850 2370
1077-30  Pinding granite coarse 8.49 50.8 0.1006 0.511614 56 0.510569 -0.5 1620 2110
1077-31  Pinding granite fine 4.66 20.68 0.1357 0.511901 54 0.510492 -2.0 1830 2230
1077-256  Symons granite 8.68 50.85 0.1027 0.511477 7 0.51041 -3.6 1880 2340
1077-255  Wynbring granite 7.15 54.64 0.0788 0.51088 8 0.510062 -10.4 2260 2830
1077-253  Glenloth granite 5.78 38.3 0.0908 0.510897 34 0.509954 -12.6 2490 3020
1077-254  Kenella gneiss 8.61 56.04 0.0925 0.510905 35 0.509944 -12.7 2520 3030
LH 2-104 Lake Harris Komatiite 0.65 1.75 0.2241 0.513215 25 0.510887 5.7 3190 2680
LH 2-116 Lake Harris Komatiite 0.66 1.79 0.2249 0.513236 25 0.5109 6.0 3210 2670
TAR 92-82 Lake Harris Komatiite 0.76 1.99 0.2313 0.513329 25 0.510927 6.5 3020 2690
TAR 92-182 Lake Harris Komatiite 2.2 12.02 0.1116 0.511354 25 0.510195 -7.8 2290 2660
TAR 92-198 Lake Harris dacite 2.41 13.34 0.1094 0.511234 25 0.510098 -9.7 2440 2790
LH 2-241 Lake Harris qtz diorite 3.8 27.39 0.0839 0.510827 25 0.509956 -12.5 2430 2760
884-T6 Konkaby Basalt 5.7 30.3 0.1138 0.511626 27 0.510444 -3.0 1850 2300
884-T18 Konkaby Basalt 5.7 30.38 0.1134 0.511677 23 0.510499 -1.9 1750 2210
984-T30 Ealbara Rhyolite 12.47 73.66 0.1024 0.511527 17 0.510463 -2.6 1790 2270
884-T31 Carnding Rhyodacite 10.09 57.35 0.1064 0.511596 31 0.510491 -2.0 1750 2230
939-90-14 Tarcoola Fmn shale,Wilgena#1 4.94 26.67 0.1121 0.511679 20 0.510515 -1.6 1720 2190
Table 17.8. Neodymium isotope data for the Tarcoola region. See Table 17.5 for locations and age.
Nd calculated at 1580 Ma, with ItCHUR = 0.510595. Data sources:
a Stewart & Foden 2001; b
Hoatson et al. (2005); c Stewart 1994. Analyses a & c University of Adelaide; b Melbourne
University (see Table 17.6 for analytical parameters for these laboratories, except for c La Jolla =
0.511838, except 939-90-14 = 0.511846). Calculations for Nd, model age and multi stage age as
for Table 17.6.
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Figure 17.7. Plot of  (calculated at 1580 Ma) versus Nd (ppm). See Table 17.7 for data sources.
Figure 17.8. Histogram of 	  in the Tarcoola region. The gold-related ore samples show a slight
shift from Paxton Granite values towards more primitive values, similar to those of the Hiltaba Associa-
tion Granites.
higher Sm & Nd, with correspondingly higher 147Sm/144Nd ratio than its parent, sample
2007D. The Nd values are similar.
17.5.3 Tarcoola Formation
The black shale (2201G) and sandstone/siltstone (2202A) reservoirs of the Tarcoola Forma-
tion have quite different Sm-Nd isotope values, indicating different provenance. They have
Nd values of between -2.45 and -3.62 (Table 17.6).
McCulloch & Wasserburg (1978) indicated that the Sm/Nd ratios of shale and other kinds of
sediment are fairly constant and similar to those of the igneous and metamorphic rocks from
which they were derived. Therefore, Sm-Nd model dates of sedimentary rocks, calculated
relative to CHUR, reflect the ages of the rocks from which they were derived and may be
helpful in identifying their sources.
The model Sm-Nd dates of sedimentary rocks can also be interpreted as the time elapsed
since the Nd was separated from the chondritic reservoir CHUR. Therefore, model dates are
"crustal residence ages" and can be used to study the interaction between the mantle and the
crust throughout geologic time.
Fanning (1990) gave an age of deposition of the upper part of the Tarcoola Formation of
1656±7 Ma, and this study has found ages of zircons in a basal granitic conglomerate of
~1715 & 1732 Ma (Chapter 11). The Sm-Nd isotopes for the black shale sample 2201G give a
model age of 1.9 Ga. The siltstone/sandstone sample 2202A has a model age of ~1.95 Ga.
These results suggest that the lower part of the Tarcoola Formation had very short crustal
residence time, whereas the upper parts had longer crustal residence times. This correlates
with the textural maturity of the sediments.
17.5.4 Disseminated sulfides in quartzite sample
Sample 2202I contains finely disseminated poikilitic grains of galena and sphalerite in fine- to
medium-grained quartzite. Lead isotopes of the galena show that this style of mineralisation
occurred ~100 My after the gold mineralisation (Chapter 17.3.5). At this younger age, the Nd
values will be more negative for all of the samples in Tables 17.7 and 17.8, but the relative
positions will be the same as in Figure 17.7. This sample has a lower Nd content than other
samples from the Tarcoola Formation, but it is a quartzite whereas the other samples are
shales of sandstone/siltstones. The Nd values are similar to those of the Paxton Granite, and
suggest that the REE in this mineralisation event were locally-derived. Fluorite is associated
with the sulfides in thin sections of other samples (no thin section made for this sample), and
the REE probably reside in this hydrothermal mineral.
17.5.5 Ore & Alteration Samples
The three granite-derived mineralised samples show loss of Sm and Nd, whereas the one sam-
ple of altered diorite shows a slight gain in Sm and Nd. The three granite-derived mineralised
samples have lost more Nd than Sm, and have an increased 147Sm/144Nd ratio. Two of these
samples show no significant increase in Nd, whereas the near-massive sulfide sample 2221C
does show an increase, falling within the range of the Tarcoola Formation (Figures 17.7 &
17.8). Epsilon Nd for the altered diorite sample, 2009A, is very similar to the unaltered diorite
sample 2007D. This suggests that even moderate levels of alteration are in equilibrium with
host rocks, as per the Paxton Granite sample 2007A, or it may be evidence that the Lady Jane
Diorite was a source of components in the hydrothermal system. In this case, the positive
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shift in Nd values seen by the mineralised granite sample 2221C may indicate isotopic
exchange with Lady Jane Diorite-derived components.
17.6 DISCUSSION & CONCLUSIONS
Alteration and mineralisation has caused a loss of Nd in samples derived from the Paxton
Granite. In the highest grade sample 2221C, there has also been a shift towards less negative
Nd values. The altered diorite sample 2009A has a slightly increased Sm and Nd content com-
pared to unaltered diorite, but has a very similar Nd value. However, considerable textural and
mineralogical alteration of sample 2007A has not caused significant change to the Sm-Nd iso-
topes, indicating closed-system behaviour of the alteration fluid at this scale. The Pb in this
sample shows equilibrium between the alteration system and the host Paxton monzogranite,
and is strong evidence for the hydrothermal system being restricted in size and only including
the local stratigraphy. If this is correct, then the increase in Nd values of the granite-derived
mineralised sample 2221C is probably the result of mixing with fluids in equilibrium with the
Lady Jane Diorite which would have had Nd values close to zero. A similar result was found
by Poitrasson et al. (1995) in a study of REE mobility during hydrothermal alteration of felsic
igneous rocks. Poitrasson et al. (1995) found that the perturbation of the Sm-Nd isotopic sys-
tem could not be explained solely by modification of the Sm/Nd ratio significantly after
emplacement of the igneous bodies, and suggested that although the net result of the hydro-
thermal alteration was leaching of the REEs from the rocks, the isotopic compositions of the
samples were modified by a component introduced from a fluid having contrasting
143Nd/144Nd ratios. It is recognised that the results of this Nd isotope study must be consid-
ered as preliminary only, as further sampling and analysis of other ore samples may show dif-
ferent results. Isotopic exchange with externally-derived components from sources such as
Archaean basement, or felsic Hiltaba Association granite or Gawler Range Volcanics cannot
be ruled out.
The Lady Jane Diorite has a near-zero Nd value, indicating a primitive derivation, whereas the
Konkaby Basalt has negative values indicating a crustal component. This could be significant
for metallogenesis, as the Nd isotopes suggest that the Lady Jane Diorite provides material to
the mineral system, and therefore may be a metallogenically important type of Hiltaba-aged
intrusion.
The available data suggests that Pb was sourced predominantly from the Paxton Granite, but
with some input from a more evolved source. Input from other components is not required,
but cannot be ruled out, particularly as two local potential sources have not been defined. The
Tarcoola Formation is likely to be more evolved than the Paxton Granite, and may have pro-
vided the evolved component seen. Nd isotopes show that the Lady Jane Diorite is more
primitive that the Paxton Granite, and therefore is expected to have a more primitive Pb
growth curve than the Paxton Granite.
The calculated Paxton Granite 207Pb/204Pb versus 206Pb/204Pb evolution curve provides a
maximum age of galenas from gold-associated mineralisation of ~1645 Ma. This is consistent
with the minimum age for hydrothermal alteration of ~1580 Ma provided by 40Ar/39Ar dat-
ing. Further spatially-restricted low-temperature Pb-Zn mineralisation occurred about 100
Ma after the gold mineralising event.
Lead and Nd isotope data may be interpreted to suggest that gold was sourced by leaching
from the local stratigraphy of the Tarcoola Goldfield, i.e. from the Paxton Granite, the Tar-
coola Formation, and the Lady Jane Diorite. 2125 kg of Au has been mined from the Tarcoola
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Goldfield, and a similar mass is inferred in the Perseverance and Last Resources deposits, giv-
ing a combined mass of Au of ~5000 kg (Hughes 1998). A concentration of 2 ppb Au may be
assumed for upper continental crustal rocks (e.g. Gao et al. 1988, Taylor & McLennan 1995).
At this concentration, more than 2.5 x 109 tons of rock must be leached of all its gold. Assum-
ing a density of 2.7 g.cm-3, this represents a volume of approximately 0.93 km-3. The Goldfield
occurs over a length and width of approximately 6 x 3 km, with an area of 18 km2. To make up
the required volume of leached rock, a depth of only ~60 m is needed over the area of the
Goldfield. Although this is a very rough estimate, it suggests that the local stratigraphy
possibly contains enough gold to make up the known mass of gold in the Tarcoola Goldfield.
However, the calculation assumes 100% efficiency of leaching, which is undoubtedly incor-
rect. It also assumes that no other Au exists elsewhere within the Goldfield, which is probably
also unreasonable. Even so, if a leaching efficiency of 10% is assumed, and if it is estimated
that the Goldfield contains 10000 kg of Au, then the required depth of leaching is approxi-
mately 1 km. This may be geologically reasonable, but none of the above isotope tracing or
mass balance calculations rule out the possibility that Au was leached from rocks other than
the Paxton Granite, Tarcoola Formation, or Lady Jane Diorite.
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18.1 INTRODUCTION
It has previously been suggested that the Hiltaba Suite is divisible. Budd et al. (1998) recog-
nised the Kokatha and Roxby ‘types’, the former associated with gold-dominated mineralisa-
tion, the latter with copper-gold mineralisation. This study was initiated to further understand
the apparent relationship between the ‘Kokatha-type’ granites and gold-dominant mineralisa-
tion in the central part of the Craton (Budd et al. 1998). This study has therefore examined the
Tarcoola Goldfield and the granites in the Tarcoola region, and compared them to other
similar-aged mineralisation and granites, in particular those hosting the Olympic Dam IOCG
deposit. Other studies had examined either granites or volcanics of the GRHVP (Giles 1980,
1988; Stewart 1994; Creaser 1989, 1995, 1996; Stewart & Foden 2001), or mineralisation asso-
ciated with the GRHVP (Johnson 1993, Johnson & McCulloch 1995, Johnson & Cross 1995;
Roache & Fanning 1994, Roache 1996), but none examined the range of compositions, or the
relationship with the associated mineralisation, of the GRHVP as a whole.
Some of the questions upon which the project was based include the following. Does the tem-
poral and compositional variance of the GRHVP have a bearing on the associated mineralisa-
tion? What is the nature of the relationship between the GRVHP and mineralisation – genetic
or structural? Did the magmas have a material input into the mineral systems, or is mineralisa-
tion and magmatism a coincidence of heating and tectonism? The origin of the Gawler
Ranges–Hiltaba Volcano–Plutonic association was discussed in Chapter 9, and data regarding
the Tarcoola Goldfield are presented in Chapters 10–17. Here, the origin of the Tarcoola
Goldfield is discussed and compared to several gold mineralisation models, followed by dis-
cussion of the links between the GRHVP and coeval mineralisation from elsewhere in the
Gawler Craton.
18.2 ORIGIN OF THE TARCOOLA GOLDFIELD
The Tarcoola Goldfield is discussed in detail in Part III, and critical aspects are represented in
Figure 18.1. In summary, the Tarcoola Goldfield comprises the basal Palaeoproterozoic Pax-
ton Granite intruded into unknown country rock at ~1720 Ma. Following uplift, exposure
and erosion, the Paxton Granite was buried to a depth of >1 km in a fluviatile-marine basin by
the Tarcoola Formation. The basal Peela Conglomerate Member includes granitic conglom-
erates with angular zircons of the same age as the Paxton Granite, indicating a proximal
source. Zircons from air fall tuffs in the middle to upper parts of the Tarcoola Formation have
an age of 1656 ± 7 Ma (Fanning 1990). Both of these lithological packages were then intruded
by narrow (<10 m) dykes of the Lady Jane Diorite at 1580 Ma. Crosscutting relationships
between these dykes and mineralised veins indicate that alteration (also dated at ~1580 Ma),
mineralisation and dyke intrusion were synchronous. Fanning (1997) reported a zircon U-Pb
SHRIMP age of 1578 ± 7 Ma from a strongly altered granite. Extensive intrusives and extru-
sives of the GRHVP were emplaced in the Tarcoola region at this time. The interpretation is
   
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made here that the granite dated by Fanning (1997) is a minor dyke of the HAG, but that the
 Ar/Ar age of phenocrystic hornblende from the Lady Jane Diorite preserves the age of
intrusion at 1582 ± 5 Ma, and has not been overprinted.
Mineralisation at the Perseverance deposit in the Tarcoola Goldfield is hosted by quartz veins
in both granite and the lower parts of the Tarcoola Formation. Alteration intensity and miner-
alisation are related to fracture density, suggesting the structural regime was an important con-
trol on ore location. Very high gold grades are recorded where veins intersect carbonaceous
siltstones of the Tarcoola Formation, but also patchily in veins and as semi-massive sulfides in
other lithologies.
Primary fluid inclusions from mineralised quartz veins are dominated by two-phase aqueous
inclusions and three-phase HO-CO -CO ±CH  inclusions. Both inclusion types have
salinities of <10 wt% NaCl, with evidence of other salts being present. Both types homoge-
nise between 150°C and ~340°C. The occurrence together in the same growth zone of quartz
grains of both inclusion types indicates the coexistence of aqueous and carbonic fluids. At the
Perseverance deposit the maximum depth of fluid trapping in the inclusion is estimated to be
10 km. Definitive evidence from fluid inclusions regarding the gold deposition mechanism is
lacking, however fluid mixing or phase separation are suggested to be the dominant gold pre-
cipitation mechanism(s). Wall-rock sulfidation may have also contributed to reducing gold
solubility.
Pb isotopes of galena from gold-bearing mineralised veins are similar to those of K-feldspar
and whole-rock samples of the Paxton Granite. This is consistent with a local source for Pb
and possibly other ore components, but not all potential reservoirs were sampled. Variably
altered and gold mineralised samples that had Paxton Granite precursors show a loss of Nd
and a trend from 	
 values of about -6.2 in slightly altered samples towards more posi-
	   
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Figure 18.1. Simplified block diagram of the Tarcoola Goldfield.
tive Nd values of about -3.3 in high grade gold samples. Of the local lithologies, the Lady Jane
Diorite has Nd
 values of about +0.15 and is the most probable source of the more
primitive Nd isotopic components in mineralised samples (Figure 17.7).
18.3 THE CENTRAL GAWLER GOLD PROVINCE
Granites and volcanics of the GRHVP association have been spatially and temporally linked
to mineralisation at the giant Olympic Dam iron oxide copper-gold-uranium deposit (John-
son & Cross 1995, Johnson & McCulloch 1995) and the Menninnee Dam Pb-Zn-Ag prospect
(Roache & Fanning 1994). It has only been relatively recently that the Central Gawler Gold
Province (CGGP: Budd 2002, Drown 2002, Ferris & Schwarz 2003) has been recognised as a
mineral province separate from the Olympic Cu-Au province (Skirrow et al. 2002) in the east-
ern Gawler Craton (Figure 18.2). Mineralisation in the CGGP is dominated by gold, with only
minor base metals, and very little Cu.
The CGGP has been defined as a separate province on the basis of similarities in mineralisa-
tion and alteration styles, host rocks, and spatial association (<10 km from known occur-
rence) with units of the GRHVP. Gold at the known deposits dominantly occurs in quartz
veins with lesser disseminations, and is focused in brittle to brittle-ductile faults and shear
zones. Hydrothermal alteration is characteristically zoned around the gold mineralisation,
with proximal intense sericite-pyrite alteration and quartz veining, and distal chlorite ± epi-
dote ± hematite alteration (Fraser et al. in prep.). Even weak sericite-pyrite alteration is
magnetite-destructive. Host rocks to the deposits are principally ~1720 – 1680 Ma granites,
but locally include the Hutchison Group (Weednanna area) and the Tarcoola Formation (Tar-
coola). Most of the deposits are intruded by narrow mafic dykes, although the age of these
dykes is not known except at the Tarcoola Goldfield. There is the possibility that the ‘distal’
chlorite ± epidote ± hematite alteration represents an earlier, perhaps deuteric, alteration of
the granite hosts. Gold in most of the deposits is associated with pyrite, and minor to trace
galena, sphalerite and chalcopyrite, and iron-oxides are minor in mineralised zones (Fraser et
al. in prep.). Fluid inclusion analyses suggest that multiple fluids were present in some systems,
but one key fluid type that occurs in each of the gold prospects is a low-moderate (<10 wt.%
NaCl) fluid with homogenisation temperatures mostly in the range of ~150–300°C, and
commonly containing CO or associated with CO-rich inclusions (Fraser et al. in prep.).
Hydrothermal white micas from several of the deposits yield reproducible  Ar/Ar plateau
ages of between 1567 – 1583 Ma, although Fraser et al. (in prep.) interpret the results to indicate
a narrower mineralisation interval of ~1580 ± 10 Ma.
18.4 MODELS FOR MINERALISATION
Groves et al. (1998) recognised seven types of epigenetic deposits with gold as the principal
ore element (Table 18.1). Of those deposits, the Tarcoola Goldfield and CGGP are most
similar to the orogenic type, but also shows some similarities to the lamprophyre-gold (Rock
et al. 1989) and intrusion-related gold (IRG, Thompson et al. 1999) types. However, none of
the CGGP deposits neatly fit any one of these models. The Tarcoola Goldfield, and the
CGGP, are discussed in relation to these models below.
Groves et al. (2003) discuss gold deposits in metamorphic belts, and differentiate intrusion-
related gold deposits from orogenic lode gold deposits on the basis of the very strong spatial
   
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Figure 18.2. The Central Gawler Gold and Olympic Cu-Au Provinces overlain on the Supersuite subdivi-
sion of the GRHVP.
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and temporal relationship, and more importantly, the magmatic input into the mineralising
fluid, of the former (Table 18.2). Given the apparent difficulty in the literature of differentiat-
ing between these two deposit styles (e.g. Newberry et al. 1995), it is appropriate to compare
the Tarcoola Goldfield and CGGP to both of them here. The lamprophyre-gold association
may be considered a sub-type of the orogenic type, and is discussed later.
18.4.1 Orogenic Gold vs Intrusion-Related Gold
Gold-dominated deposits hosted in fracture-controlled veins occur in a range of settings,
with a broad range of characteristics, and have been very widely studied, resulting in a large
number of classifications (e.g. Kerrich & Cassidy 1994, Cassidy et al. 1998, Groves et al. 1998,
McCuaig & Kerrich 1998, Mikucki 1998, Witt & Vanderhor 1998, Bierlein & Crowe 2000,
Hagemann & Cassidy 2000, Partington & Williams 2000, Groves et al. 2003, Groves et al.
2005). Groves et al. (1998) proposed the term orogenic gold for these deposits.
Thompson et al. (1999) recognised intrusion-related gold deposits associated with tungsten-
tin provinces as being distinct from chalcophile gold-rich ± Cu porphyry, or gold-rich ± Pb-
Zn-Ag non-porphyry types (see also Lang et al. 2000 and Lang & Baker 2001). Table 18.2
(after Groves et al. 2003) summarises and compares key characteristics of the orogenic and
intrusion-related gold types. The Tarcoola Goldfield and CGGP is discussed compared to
these two deposit types under the headings (similar to those of Table 8.2) below:
18.4.1.1 Host rocks
Mineralisation at the Tarcoola Goldfield is hosted by lower greenschist-facies felsic intrusive
rocks (Paxton Granite) and fluviatile to marine metasediments (Tarcoola Formation), includ-
ing pebbly arkose, limestone, black shale, mudstone, siltstone, and quartzite. Felsic granitoids
are the most common host to mineralisation in other deposits of the CGGP. Felsic granitoids
and sediments are common hosts for identified IRG deposits, whereas mafic intrusives and
greywacke-slate sequences are more common for orogenic gold deposits.
18.4.1.2 Age relationships
Alteration and mineralisation at the Tarcoola Goldfield are dated at ~1580 Ma (Chapter 15,
Budd & Fraser 2004), which is the same age as dykes of the Lady Jane Diorite, and the craton-
wide GRHVP (Appendix VI). Minor felsic dykes at the Tarcoola Goldfield may also be of this
age (Fanning 1997). Sericite  Ar/Ar dating of other deposits of the CGGP is also inter-
preted to provide mineralisation ages of ~1580 Ma (Fraser et al. in prep.). As mentioned above,
the hosts of the Tarcoola Goldfield record lower greenschist-facies metamorphism. Most of
the other deposits in the CGGP show similar metamorphism, but P-T-t paths have not been
made in this area of the Gawler Craton, so that the exact timing of metamorphism in relation-
ship to magmatism and mineralisation is not known. However, the GRHVP is the last signifi-
cant thermal event to have occurred in this area of the Gawler Craton, therefore mineralisa-
tion can be considered to be syn- to late-tectonic. A strong temporal association with felsic
intrusions is a key feature of the IRG type, and orogenic gold deposits are sometimes found to
be coeval with nearby felsic granites (Kerrich & Cassidy 1994) (Table 18.2).
18.4.1.3 Tectonic setting
The tectonic setting of the Gawler Craton at the time of Au mineralisation is poorly under-
stood. McLean & Betts (2003) suggest that the tabular geometry of the Hiltaba Association
granites (in general, although they specifically studied granites bounded by the Yerda and
H   
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Oolabinnia Shear Zones in the western part of the CGGP) is not inconsistent with either
compressional / transpressional or extensional / transtensional tectonic regimes. McLean &
Betts (2003) are reluctant to draw a conclusion regarding the stress regime because of poor
outcrop and data resolution in the study area. Drummond et al. (in prep.) interpret seismic
reflection data in the area around Olympic Dam to record structural fabrics in the upper crust
of the crystalline basement to be dominated by thrusts, implying net shortening throughout
the period 2.5 Ga to 1.59 Ga. The Olympic Dam deposit was interpreted to lie on the bound-
ary between two distinct pieces of crust, on the Archaean-Palaeoproterozoic core to the
Gawler Craton, the other as a Meso-Neoproterozoic mobile belt (Drummond et al. in prep.),
with the mineralisation forming during accretion. The flaws of this model have been dis-
cussed in Chapter 9, and it is considered that some degree of extension was necessary to have
enabled crustal melting at temperatures of >1000°C. The exact tectonic environment is pres-
ently unknown, as is common to most parts of the Proterozoic worldwide.
Groves et al. (2003, 2005) suggest that gold deposit types may be determined by their tectonic
setting (Figure 18.3). In particular, orogenic gold deposits occur in accreted terranes above
   I
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Table 18.2. Summary of the key characteristics of orogenic and intrusion related gold deposit types
(Groves et al. 2003).
subduction zones, whereas IRG deposits form in back-arc craton margins (Groves et al.
2003). Although the deposits of the CGGP are all vein-hosted, and therefore structurally-
controlled, the broader tectonic setting for both the mineralisation and coeval GRHVP event
are not well understood. Hence, at the current level of understanding, tectonic setting cannot
be used to classify the Au deposits of the CGGP associated with the GRHVP. Of course, the
corollary, that the tectonic setting of the GRHVP can be determined by the deposit styles, is
also untenable.
18.4.1.4 Mineralisation style
Gold mineralisation in the Tarcoola Goldfield occurs dominantly in quartz veins which
appear to be mostly simple (i.e. <3 generations), subparallel, subvertical, narrow (up to 10s
cm), and extend up to 100s m laterally & vertically. Gangue is dominantly quartz-sericite±cal-
cite with lesser pyrite, and chlorite in some rocktypes (black shale, quartz monzonite). Very
narrow carbonate-fluorite veining is late. Some disseminated mineralisation occurs, restricted
to granite hosts. The mineralisation style is probably more typical of the IRG type, especially
the absence of vein arrays and saddle reefs common to the orogenic gold type (Table 18.2).
Mineralisation at the other CGGP deposits is also quartz-vein hosted and similar in style to
that at Tarcoola (e.g. Ferris & Schwarz 2003, Fraser et al. in prep.).
18.4.1.5 Proximal alteration
The dominant coarse-grained monzogranite phase of the Paxton Granite is very homogene-
ous, and so presents a good medium to study the effects of alteration (Chapter 13). Hydro-
thermal alteration of the Paxton Granite is generally limited to narrow (i.e. 10 – 100s cm) sel-
vages around mineralised veins. In these selvages, quartz, sericite and orthoclase are stable,
but plagioclase, biotite, hornblende and magnetite are not. In extreme alteration, pyrite is a
common addition. Chlorite is commonly present but only in small amounts, and is not con-
sidered to be a major mineralisation-related alteration product in the monzogranite. However,
chlorite is more common in alteration in some of the other CGGP deposits (Fraser et al. in
prep.). Calcite and fluorite are common additions late in the paragenesis of extremely altered
samples. The alteration of the monzogranite is similar to that in both orogenic gold and IRG
,   
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Figure 18.3 Tectonic setting of gold deposits, in particular showing the different setting of orogenic gold
and intrusion related gold deposit types. Groves et al. (2005).
deposits, but perhaps more similar to the IRG deposits which include common K-feldspar
(Table 18.2).
18.4.1.6 Metal association & sulfide composition
Four styles of mineralisation have been defined at the Tarcoola Goldfield (Chapter 12), based
on gold:base-metal ratios. Gold is the only ore element of interest in the Tarcoola Goldfield,
although there is a good correlation between gold grade and base metal content (Figures 12.5-
7). Overall, the sulfide content is low. The Tarcoola Goldfield is the only deposit included in
the CGGP that contains appreciable Pb-Zn. Other elements that are commonly elevated in
either orogenic gold or IRG deposits (specifically Bi, Mo, Sb, Sn, Mo) do not show significant
change from unaltered concentrations in moderately intense SQP alteration (Table 13.1), or
in ore (Appendix II) at the Tarcoola Goldfield, but As, Ag and Cd are increased in ore. The
Barns deposit does show a correlation between Au and Ag-Bi-Co-Te, with a weaker correla-
tion of Au with Cd-Cu-Pb: there is no correlation with As (Chris Drown, written comm.). The
metal association and sulfide content of the CGGP deposits is not considered to be indicative
of either orogenic gold or IRG deposits, as both types may contain noneconomic base metal
concentrations, as well as anomalous trace elements listed in Table 18.2 (e.g. Groves et al.
2003).
18.4.1.7 Fluid composition and conditions
At the Perseverance deposit, Tarcoola Goldfield, primary fluid inclusions from mineralised
quartz veins are dominated by two-phase aqueous inclusions and three-phase carbonic HO-
CO -CO CH  inclusions. Both inclusion types have salinities of <10 wt% NaCl, with
evidence of other salts being present. Both types homogenise between 150°C and ~340°C.
The occurrence together in the same growth zones of quartz grains of both inclusion types
indicates the coexistence of aqueous and carbonic fluids. The salinity and total homogenisa-
tion temperature of the carbonic inclusions fall within the range of the aqueous inclusions (<8
wt% NaCl, 100–340°C), and the two systems show subparallel isochores, again suggesting
that the aqueous and carbonic inclusions were formed under similar conditions. The three-
phase carbonic fluid inclusions give a calculated minimum pressure of trapping ranging from
0.5 to 2.9 kbar, equating to a depth range of approximately 2 to 10 kms. Other geological con-
straints suggest that 10 km is a maximum depth for mineralisation.
There is no definitive evidence that the coeval two-phase aqueous and three-phase carbonic
inclusions formed by either fluid mixing or phase separation. The aqueous inclusions contain
no visible CO, so should not be part of an immiscible pair with the carbonic inclusions,
unless clathrates are present (as suggested by “ice” melting temperatures >0°C). However,
the overlap in total homogenisation temperatures, with the carbonic inclusions at the upper
end of the range (Figure 16.3) is typical of phase separation. Also, fluid mixing usually results
in two distinct groups on a plot of Th vs salinity, with a mixing line between the populations:
this is not evident in Figure 16.3.
At other deposits of the CGGP, a common fluid is present in samples from each of the
Tunkillia, Nuckulla Hill, Barns and Weednanna deposits, that is characterised by low-
moderate salinity (<10 wt % NaCl), moderate Th (~150–300°C), and commonly contain-
ing CO or associated with CO-rich inclusions (Fraser et al. in prep.). These fluids are similar to
those occurring at the Tarcoola Goldfield.
Fluid inclusions of orogenic gold and IRG deposits overlap considerably, perhaps with the
exception that ore fluids in IRG deposits may be more saline than those in orogenic gold
deposits (Table 18.2, Groves et al. 2003). The Perseverance deposit, Tarcoola Goldfield, falls
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within the ranges of composition, pressure and temperature for both the orogenic gold and
IRG deposits, therefore fluid composition alone is not a useful discriminant.
18.4.1.8 Composition of contemporaneous intrusives
One of the greatest differences between the orogenic gold and IRG models is the relationship
to intrusives. While it is recognised that there is commonly a spatial, and less typically a tem-
poral relationship, between orogenic gold deposits and felsic intrusives (e.g. Kerrich & Cas-
sidy 1994), a genetic relationship is not required: where coeval intrusion do occur near gold
deposits, there is no consistent composition of intrusion (e.g. Groves et al. 2003). Granite plu-
tons may serve as little more than a heat engine, with fluids, metals, and ligands derived from
the pluton, aureole or more distal environments (Groves et al. 2003). In contrast, IRG depos-
its are by definition, spatially, temporally and genetically related to complex suites of metalu-
minous, subalkalic intrusions of intermediate to felsic composition that lie near the boundary
between ilmenite and magnetite series (Lang & Baker 2001). However, there remains some
debate as to the exact composition of intrusions, especially their oxidation state (e.g. Groves et
al. 2003).
Blevin (2004) lists fractionation behaviour as one of the most important factors in determin-
ing a granites’ mineralisation potential. Magmatic oxidation state is a control on metal con-
tent, with Cu±Au associated with strongly oxidised magmas, W-Mo-Bi±Au with moderately
oxidised granites, and Sn±W with reduced granites (Blevin 2004, Blevin & Chappell 1992,
Lang & Baker 2001). The degree of evolution away from primary mantle compositions of the
magma is also an important control (Blevin 2004). Differences in magma composition, degree
of evolution, extent of fractionation, oxidation state, and proximity to the core of the
intrusion-related hydrothermal system, result in the different styles of mineralisation summa-
rised in Figure 18.4.
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Figure 18.4. Relationship between granite differentiation and oxidation, resultant mineralisation, and the
variation in metal assemblage that occurs with proximity to intrusion. Blevin 2004.
The Jenners and Malbooma Supersuites of the HAG, which are dominant in the area of the
CGGP (Figure 18.2), match the conditions of Lang & Baker (2001), Blevin (2004) and Groves
et al. (2003) for IRG. They are metaluminous, near the alkalic–sub-alkalic boundary, moder-
ately to strongly evolved, high K, and moderately to strongly fractionated. The oxidation state
as determined by whole-rock FeO/FeO is between moderately to strongly oxidised (i.e.
above the FMQ buffer), however this may have been affected by subsolidus alteration and
further work is required using another redox measure. Some of the HAG granites in the Tar-
coola area contain magnetite with exsolved ilmenite lamellae, and the less felsic granites con-
tain titanite, indicating an oxidation state above FMQ (Wones 1989, Xirouchakis & Lindsley
1998, Blevin 2004). SHRIMP U-Pb zircon dating of granites in the Tarcoola area overlap with
 Ar/Ar dating of hydrothermal sericite from the Tarcoola Goldfield.
The Tarcoola Goldfield is close to the Cooladding Granite, which is undated but has geo-
chemistry consistent with a classification of the bulk of the granite as Jenners Supersuite.
Some fine-grained dykes were sampled that are more felsic and strongly fractionated com-
pared to the bulk coarse-grained granite, and may be assigned to the Malbooma Supersuite. It
may be hypothesised that such dykes intruded the Tarcoola Goldfield, and that one of these
dykes was dated at 1578±7 Ma by Fanning (1997).
Although none of the presently known deposits in the CGGP are hosted by HAG units, the
HAG in the area of the CGGP have characteristics similar to IRG granites, and hence it is
concluded that the HAG has the spatial, temporal and compositional characteristics consis-
tent with a theoretical link with IRG systems. Nevertheless, this alone is not sufficient evi-
dence for the classification of the CGGP as either orogenic gold or IRG.
18.4.1.9 Possible metal sources
Pb and Nd radiogenic isotopes were used for tracing studies at the Tarcoola Goldfield, how-
ever significantly more data are needed at the deposit, goldfield and regional scales to be con-
clusive about metal sources. At this stage, there are no suitable data to discriminate between
fluids and metals being sourced from either nearby HAG, or the surrounding country rocks,
at the Tarcoola Goldfield. No such studies have been conducted at any of the other CGGP
deposits.
18.4.1.10 Conclusions: orogenic gold vs IRG models
With the presently available data it is not considered possible to confidently define the depos-
its of the CGGP as either orogenic gold or IRG, although Ferris & Schwarz (2003), with less
data than available in the present study, categorised them as orogenic gold. The reason for the
difficulty in classifing the deposits is two-fold: firstly there are insufficient data for the prov-
ince as a whole, and secondly there is significant overlap in the classsifications of orogenic
gold and IRG, and indeed the two models may be addressing different parts of the same
continuum.
There are two reasons why is it necessary to make the distinction. Firstly, although many
deposits classified as IRG are world-class, there are no giant deposits of this type (Groves et al.
2003). This may provide a first-order discriminant for large mining companies considering
whether or not to explore in the CGGP. Secondly, the exploration strategies for the two
deposit types may be different.
The signifcant point of difference between the two deposit types is that the IRG deposits
have a direct genetic link to magmatism. Therefore, discriminating between the two deposit
types is best done by testing for such an input in mineralisation. As stated above, this has not
yet been done conclusively for any of the deposits in the CGGP. At Tarcoola, magmatism of
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the GRHVP is the same age as alteration and mineralisation, but other aspects of the minerali-
sation (fluid conditions and composition, fluid and metal source, structural, alteration and
mineralisation styles, metal assemblage etc) are either consistent for either deposit type, or
inconclusive. The implications of this are discussed further below.
18.4.2 Lamprophyric Gold
An intimate spatial association between ‘lamprophyric’ rocks and gold mineralisation has long
been recognised (McLennan 1915, quoted in Rock et al. 1989). The lamprophyric-gold model
is based on the extremely intimate space-time associations between calc-alkaline to
shoshonitic lamprophyres and mesothermal gold deposits (Rock & Groves 1988, Rock et al.
1989). These authors state that in a number of areas lamprophyres are found to be the only
igneous rocks emplaced at the same time as the gold, and that the economic status of such
areas correlates quantitatively with the presence of lamprophyres. Two interpretations of the
lamprophyre-gold association are presented: (1) an essentially structural relationship (coinci-
dence of space); and (2) lamprophyric magmas may have supplied at least part of the gold or
mineralising fluids after transporting them upward from mantle sources (Rock et al. 1989).
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Figure 18.5. Models for the lamprophyric gold association (Rock et al. 1989). Cases A and B represent
end members. In both, fluid plumes from the Au-rich core or deep mantle generate an Au- and large ion
lithophile element-rich metasomatised mantle source, which then melts to yield Au-enriched lamprophy-
ric magmas. In A, these lamprophyres yield granitoid-porphyry magmas via crustal interaction + differen-
tiation. In B, they devolatilise and release gold into metamorphic-hydrothermal circulation systems,
which then evolve and deposit Au under dominant structural control, probably with additional Au from
other sources. Not to scale.
The second interpretation proposes that the lamprophyres are a special source of gold. The
models are summarised in Figure 18.5. The lamprophyre model is of interest given the struc-
tural and temporal intimacy between the Lady Jane diorite and mineralisation at the Tarcoola
Goldfield, and because the Lady Jane Diorite shows many of the characteristics of ‘lamproph-
yres’ as discussed by Rock et al. (1989). These are discussed below.
Figure 9.10M is a spidergram comparing the Lady Jane Diorite to selected Yilgarn lamprophy-
res (data of Perring et al. 1991, Taylor et al. 1994). Compared to the Yilgarn lamprophyres, the
Lady Jane Diorite has lower Cs, but higher Rb, Ti and Tb. Stewart (1994) postulated that some
of the mafic components of the GRV were derived by melting of enriched sublithospheric
mantle: the Lady Jane Diorite has 	 0.19, and a spidergram and REE variation dia-
grams (Figure 3.6) consistent with such a derivation. This is consistent with the suggested
derivation of the lamprophyres of Rock et al. (1989), and overall the Lady Jane Diorite is con-
sidered to be compatible with the definitions of lamprophyre used by Rock et al. (1989),
including chemical and mineralogical composition, as well as having features such as quartz
ocelli.
While Rock & Groves (1988) and Rock et al. (1989) used statistical analyses to suggest that
those lamprophyres intimately associated with orogenic gold deposits were enriched in gold,
subsequent authors (Perring et al. 1991, Taylor et al. 1994) preferred a structural relationship,
rather than one where lamprophyres were Au sources, for the Yilgarn at least. Taylor et al.
(1994) suggested that the high Au contents of lamprophyres proximal to gold deposits were
acquired by interaction with Au-mineralising fluids. A structural relationship means that the
model is essentially a subclass of the orogenic gold model. Although the lamprophyric–gold
(or porphyritic–gold) model is currently out of favour, similar high-K rock types are consid-
ered by some authors to be important in the genesis of gold-copper mineralisation (e.g. Müller
& Groves 2000, Blevin 2002).
Many of the CGGP deposits contain mafic-intermediate dykes, but the Lady Jane Diorite at
Tarcoola is the only suite to have been studied. Given the structural and temporal intimacy
between mafic dykes and mineralisation at Tarcoola, and the possibility of some input at least
of REE into the mineralisation from the dykes (Chapter 17), it is speculated that such magma-
tism as an essential ingredient to the CGGP mineral system. Further geochronological and
tracing work is required at both Tarcoola and the other CGGP deposits to test this
association.
18.5 EXPLAINING THE OLYMPIC CU-AU PROVINCE / CENTRAL GAWLER
GOLD PROVINCE DICHOTOMY
The result of this study that the GRHVP is divisible into four Supersuites, may be a reflection
of the processes that have resulted in distinct mineral provinces forming in the Gawler Cra-
ton. Whether or not the magmas of the GRHVP had a material input into the mineralisation is
unresolved, but to some degree, is inconsequential. What can be shown is that the tempera-
ture of formation, composition, and possible age of the GRHVP magmas vary (Chapter 7). In
particular, the Roxby Supersuite has A-type geochemistry, and is the hottest and most evolved
(i.e. has the most negative 	) of the GRHVP. Copper-gold mineralisation is exclusively asso-
ciated with this Supersuite (Figure 18.2). Superficially this may imply that this Supersuite is
genetically related to this mineralisation, but a broader interpretation is preferred, whereby the
differences in mineralisation and magmatism are both a response to lithotectonic variances, as
outlined below.
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The Gawler Craton may be divided into tectono–stratigraphic Domains (e.g. Parker et al.
1993, Daly et al. 1998, Ferris et al. 2002) with each Domain comprising different combinations
of lithologies and tectonic histories. Neodymium isotope data provides some evidence that
the GRHVP has inherited at least some of its characteristics from the crust into which each
unit was emplaced. For example, granites of the Roxby Supersuite generally have the most
negative 	 values (Figure 7.8). In the Olympic Cu-Au Province, three areas of hydro-
thermal alteration have been identified, which contain most of the known IOCG mineralisa-
tion (Skirrow et al. 2002). Ore grade Olympic Dam style Cu-Au mineralisation is genetically
associated with HSCC (hematite-sericite-chlorite-carbonate ± Fe-Cu sulfides ± U + REE)
alteration, which is paragenetically later than CAM (calcsilicate-alkali feldspar ± magnetite ±
Fe-Cu sulfides) and MB (magnetite-biotite ± Fe-Cu sulfides) alterations (Skirrow et al. 2002).
None of the HSCC, CAM or MB styles of alteration have been identified in the CGGP.
The two A-type Supersuites have higher zircon saturation temperatures than the two I-type
Supersuites (Figures 7.9–10), and the Roxby Supersuite is clearly hotter than the others. This
would undoubtedly mean that granite of this Supersuite will generate higher-energy hydro-
thermal cells, which is a key to producing large ore deposits (Hronsky 2002). The Olympic
Cu-Au Province therefore comprises different source rocks with a different tectonothermal
history, which were subjected to higher-temperature melting during GRHVP generation,
than is found in the CGGP. Also, the type and quantity of mantle involvement in magma pro-
duction, and probably indirectly in hydrothermal mineralisation, is likely to be different
between the two areas. For example, picritic dykes are reported from Olympic Dam (Johnson
1993, Campbell et al. 1998), whereas the Lady Jane Diorite at the Tarcoola Goldfield shows
evidence for crustal contamination (Chapter 3).
Many previous authors have suggested an anorogenic setting for the GRHVP (e.g. Giles
1988, Flint 1993a, Stewart 1994, Creaser 1996). More recently, several authors have suggested
that the GRHVP was formed during Wilson cycle subduction-related tectonics (e.g. Ferris et
al. 2002, Swain et al. 2004). Such a change in thinking comes about as more data is gathered,
but as yet, there is little agreement as to the exact setting of the GRHVP. For example, the
direction/polarity of subduction is not consistent between various models (Ferris et al. 2002,
Giles et al. 2004, Swain et al. 2004). The shift in thinking away from an anorogenic setting for
the GRHVP parallels changes in the ideas of A-type granite generation, which are now
favoured to form in non-compressive geological settings at the end of an orogenic cycle (post-
orogenic or post-collisional granitoids), in continental rift zones or in oceanic basins (e.g
Frost et al. 2001, Vander Auwera 2003).
Groves et al. (2005) suggest different tectonic environments for IOCG, IRG and orogenic
gold deposits. Further, these authors suggest that the subcontinental lithospheric mantle had
a significant influence on tectonic processes (and therefore mineralisation), and also on
deposit preservation (Groves et al. 2005). It is concluded here that the differences observed in
the GRHVP units reflect tectonic processes, and those same tectonic processes have resulted
in two distinct mineral provinces. This conclusion does not discount a magmatic involvement
in mineralisation: rather, tectonic polarity (e.g. nearness to plume head, landward distance
from subduction zone, position relative to crustal domains or different ratios of
Archaen:Palaeoproterozoic crust – different scenarios but all resulting in different mantle
composition or involvement) resulted in a variety of crustal melting and hydrothermal miner-
alisation. Determining the tectonic setting of the GRHVP with any degree of reliability would
require far more geophysical, geochemical, geochronological and structural observations than
are presently available.
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18.6 IMPLICATIONS FOR GOLD EXPLORATION
The subdivision of the GRHVP into four Supersuites has implications for mineral explora-
tion in the Gawler Craton. The different compositions, and possibly the time of emplace-
ment, observed in units of the GRHVP are reflections of variable crust:mantle composition
and mixing, and localised position in regard to tectonic setting, both of which result in differ-
ences in the temperature of crustal anatexis. Iron-oxide Cu-Au mineralisation is most likely to
be associated only with the Roxby Supersuite granites, and these are restricted in occurrence
to the already defined Olympic Cu-Au Province (Skirrow et al. 2002). Although some units of
the A-type Roxby and Venus Supersuites occur in the area of the Central Gawler Gold Prov-
ince, units of the Jenners and Malbooma Supersuites are restricted only to this area (with the
exception of one unit in the Moonta-Walaroo area) (Figure 18.2).
Whether the GRHVP had a genetic relationship with gold mineralisation in the CGGP or not
is of little consequence to exploration. There is an emprical spatial and temporal relationship
between HAG granites or mafic dykes and gold mineralisation in this province. All of the
deposits contain structurally-controlled quartz veins and veinlets. Therefore, a first-order dis-
criminant is proximity to granites or mafic dykes of the GRHVP, and large-scale structures.
This is constant for either orogenic gold, IRG or lamprophyre gold models. Granites of the
two I-type Supersuites are similar to those associated with IRG deposits, in particular the
more strongly fractionated units of the Malbooma Supersuite. Proximity to fractionated units
of these two Supersuites may be a secondary discriminant, but this is so only for the applica-
tion of an IRG model.
Bierlein et al. (2001) examined the relationship between mafic dykes, crustal melting and oro-
genic gold mineralisation in central Victoria, and this is perhaps relevant to the Central
Gawler Gold Province. A close spatial and temporal relationship exists between mafic to
intermediate dykes and gold mineralisation, and although there is little evidence for a direct
genetic association, magmatism and mineralisation are linked by the common utilisation of
translithospheric structures which facilitated the rapid ascent into shallow crustal levels of
both mantle-derived magma and crustal-scale ore-forming fluid systems (Bierlein et al. 2001).
Transfer of heat into the crust via mafic mantle magmas can provide a thermal engine which
triggers and sustains extensive crustal melting, resulting in a close association of mafic to
intermediate and felsic intrusive suites (Bierlein et al. 2001). Ultimately, crustal melting
processes and the generation of mineralising fluid systems are triggered by a ‘chain reaction’
that arises from the efficient heat transfer from the mantle into the overlying crust via mafic
magmas (Bierlein et al. 2001). Therefore, granites of the HAG may be considered to be a large-
scale proxy for mineralisation, and mapping of structures near to the granites may provide
smaller-scale targets, regardless of which mineralisation model is applied.
18.6.1 Importance of the mafic end of the GRHVP spectrum
Several mafic bodies proximal to mineralisation have recently been dated at ~1580 Ma and are
therefore assumed to be part of the GRHVP event. These include the Lady Jane Diorite at the
Tarcoola Goldfield (Budd & Fraser 2004), and microgabbro in the Mt Woods Inlier and
olympic Dam region (Jagodzinski 2005). Dioritic dykes (of unknown age) have been noted at
most other gold prospect in the Central Gawler Gold Province (Fraser et al. in prep.), and
recent estimates at Olympic Dam suggest that up to 30% by volume of rock may have been of
mafic origin (Ken Cross pers. comm.). Neodymium isotope data at Tarcoola are suggestive of an
input into the mineralisation from the Lady Jane Diorite (Chapter 17), and Johnson & McCul-
loch (1995) suggest input from mafic rocks into the mineralisation at Olympic Dam.
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Throughout the Gawler Craton, numerous mafic intrusives have been dated as being the
same age as the GRHVP event (see Appendix III). Some of these mafic granitoids are cumu-
lates, and may be prospective for Ni ± Cu. Stewart & Foden (2001) proposed that mafic
cumulates may have formed as part of the GRHVP, and that these may have potential for Ni
± Cu similar to the Nain Plutonic Suite which hosts the Voisey’s Bay deposit (Scoates &
Mitchell 2000, Kerr & Ryan 2000, Ryan 2000). In particular, the Muckanippie Anorthosite
north of Tarcoola, which has not been dated, contains anorthosite and troctolite components
(Appendix VIII.24). Mineralisation at Voisey’s Bay is hosted by troctolite (Scoates & Mitchell
2000).
Ryan (2000) suggested that the Nain Plutonic Suite formed from magmatism associated with
limited intracontinental rifting of the conjoined Nain-–Churchill crust above a mantle plume.
Prevec (2004) notes that anorthositic rocks are sensitive samplers of lower crust because they
are mineralogically and geochemically simple systems with little crustal assimilation and are
therefore very useful in petrogenetic studies. Therefore, as well as being possibly metallogeni-
cally important, studying mafic intrusives rocks may be beneficial in unravelling the tectonic
development of the Gawler Craton.
18.7 FURTHER WORK
1 The possible genetic relationship between granites of the Malbooma and Jenners
Supersuites, and gold mineralisation of the CGGP, may be further tested by
extensive geochronology, isotopic tracing, and fluid inclusion analysis at each of the
deposits.
2 The subdivision of the GRHVP into four Supersuites, as presented in Chapter 7,
may be further tested by detailed geochemistry, geochronology, and isotopic
composition each unit. Particular attention should be paid to mafic units.
3 The tectonic development of the Gawler Craton requires a better understanding of
the igneous, metamorphic and structural history of each Domain of the Craton. The
work of point 2 above would contribute greatly to this.
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Geochemical data, this study
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Appendix III
SHRIMP data tables
   	
Listed below is a summary of the SHRIMP data for samples analysed in this study. Refer to
Chapters 2, 4 and 11 for processed results and information about the samples and analyses,
and Appendix IV for analytical methods.
In the Table headers, the following abbreviations apply: % Pb = % common  Pb,
 Pb/ U Age =  Pb corrected  Pb/ U age in My,  Pb/ Pb Age =  Pb corrected
 Pb/ Pb age in My,  U/ Pb* = total  U/ Pb,  Pb*/ Pb* = total  Pb/ Pb.
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Table III.1. SHRIMP data for Paxton monzogranite sample 2004.
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Table III.2. SHRIMP data for Paxton syenogranite sample 2005D (continued next page).
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Table III.2. SHRIMP data for Paxton syenogranite sample 2005D (continued from previous page).
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Table III.3. SHRIMP data for Paxton syenogranite sample 2008B.
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Table III.4. SHRIMP data for Ambrosia Granite sample 2178.
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Table III.5. SHRIMP data for Big Tank Granite sample 2131.
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Table III.6. SHRIMP data for Kychering Granite sample 2167.
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Table III.7. SHRIMP data for Partridge Granite sample 2144.
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Table III.8. SHRIMP data for Pegler Granite sample 2193 (continued next page).
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Table III.8. SHRIMP data for Pegler Granite sample 2193 (continued from previous page).
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Table III.8. SHRIMP data for basal Peela Conglomerate Member, Tarcoola Formation sample 2210.
Appendix IV
Analytical methods
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IV.1 MINERAL CHEMISTRY
IV.1.1 EMP method
Anlyses were conducted at the Research School of Earth Sciences, Australian National
University, with the assistance of Drs Nick Ware and Ashley Norris, using a Cameca SX100
electron microprobe with 4 spectrometers and an EDS detector.
IV.1.2 Calculating mineral formulae
Results reported as wt% oxide were converted to mole by dividing by the atomic weight. The
number of oxygens required per cation were then calculated and added, then this total was
used to divide the number of oxygens per formulae unit to obtain a conversion factor. The
number of moles of each cation was then multplied by the conversion factor, and the cation
assigned to structural positions for each mineral as specified below. F and Cl were divided by
their atomic weights and multiplied by the conversion factor. The sum of these were
subracted from the number of formula units of OH to fill the occupancy in the OH site. To
back caulculate the H O content, the OH value was multiplied by 9.0076 to get moles of H
and divide by the conversion factor. Finally, this was added to the total and oxygen-
equivalents for F and Cl (given by wt% x 0.4211 for F and 0.2256 for Cl) were subtracted.
IV.1.2.1 Biotite
Biotite was calculated on the basis of 11 oxygens according to the structural formula:
AMTO(OH) 
where: T = Si, Al; M = Mg, Fe, Mn, Ti; A = K, Na; and OH = F, Cl, OH.
IV.1.2.2 Chlorite
Chlorite was calculated on the basis of 28 oxygens according to the formula:
   
R R V Si R O OH     

 

  
 
 



  
   
  
 
V is vacancies in the octohedral site.
IV.1.2.3 Hornblende
Hornblende was calculated on the basis of 23 oxygens, according to the structural formula:
AM4 M123TO  (OH) 
where T = Si, Al; M123 = Al, Ti, Fe, Mg, Mn; M4 = Na, Ca; A = Na, K and OH = F, Cl, OH.
IV.2 WHOLE-ROCK GEOCHEMISTRY
IV.2.1 Sampling method
The mass of sample taken was dependent on the grainsize. Approximately 20 kg of rock were
taken for coarse-grained samples, and about 10 kg for fine-grained samples. Most samples
were drilled with a Copco petrol-driven percussion drill, and feathers & wedges used.
Sledgehammers were used on the other samples. Generally, only unweathered samples were
taken. Any weathering rinds were removed at the sample site, and all samples were reduced to
hand-sized pieces in the field. Veining in most samples was not present: the chemistry below
shows that most samples are not altered, other than those that show hematisation.
   
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Care was taken during sampling to leave as little impact as possible. Sites that may have had
either cultural significance, or were obvious from nearby tracks, were not sampled. Drill holes
were backfilled, and discarded rock chips piled back into the sampled void.
The following is provided by the Geoscience Australia geochemical laboratory manager, John
Pyke.
Standard Silicate Method.
XRF 12:22 Majors Elements
The XRF is a Philips PW2404 4kW sequential spectrometer using a Rh tube. The instrument
is calibrated using a range of USGS and SARM (S.African Ref. Material) international
standards. The method used is a variation of Norrish and Hutton (1969). No heavy absorber
is added to the flux in this procedure.
Glass fusions are prepared by accurately weighing approx 0.27 gm sample and 1.73 gm of
Sigma 12:22 (lithium tetra:metaborate) flux into a Pt crucible. 0.5 ml of a 20% LiNO solution
is added and the mixture sintered at 400°C for 10 minutes to oxidise any sulfide present. The
crucible is then transferred to a Bradway rocking furnace and heated at 1100°C for a further
10 minutes. Just prior to removal from the furnace and quench pressing a few crystals of
NHI anti-wetting agent are added. After pressing the disc is annealed on a hotplate at 180°C
for 20-30 minutes.
   
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Analyte Limit Unit Analyte Limit Unit Analyte Limit Unit Analyte Limit Unit
XRF Major Elements XRF Trace Elements ICP-MS Trace Elements
SiO  0.006 % As 0.4 ppm Ag 0.01 ppm Mo 0.01 ppm
TiO  0.002 % Ba 8.0 ppm Be 0.05 ppm Nb 0.04 ppm
Al O 0.001 % Cr 1.9 ppm Bi 0.01 ppm Nd 0.01 ppm
Fe O 0.002 % Cu 0.8 ppm Cd 0.05 ppm Pb 0.50 ppm
MnO 0.001 % F 37 ppm Ce 0.02 ppm Pr 0.01 ppm
MgO 0.004 % Ni 1.3 ppm Cs 0.01 ppm Sb 0.01 ppm
CaO 0.002 % Rb 0.3 ppm Dy 0.01 ppm Sm 0.01 ppm
Na O 0.004 % Sc 1.6 ppm Er 0.01 ppm Sn 0.01 ppm
K O 0.002 % Sr 0.5 ppm Eu 0.50 ppb Ta 0.06 ppm
P O 0.001 % V 2.8 ppm Ga 0.10 ppm Tb 0.01 ppm
SO 0.001 % Zn 0.5 ppm Gd 0.01 ppm Th 0.01 ppm
LOI 0.001 % Zr 0.4 ppm Ge 0.02 ppm Tl 0.01 ppm
Titimetry Hf 0.01 ppm Tm 0.01 ppm
FeO 0.01 % Ho 0.01 ppm U 0.07 ppm
La 0.02 ppm Y 0.22 ppm
Lu 0.01 ppm Yb 0.01 ppm
Table AVIII.1. Detection limits, units and methods for analytes, Geoscience Australia geochemistry laboratory.
XRF Trace Elements
The XRF is used to determine trace elements As, Ba, Cr, Cu, F, Ni, Rb, Sc, Sr, V, Zn and Zr
on powder pellets when the samples do not contain NaCl. Powder pellets are prepared by
mixing 10 gm of sample with 1 ml of a 7% PVA solution. The mixture is pressed to 2 ton per
square inch and the resulting pellet air dried for 24 hours prior to measuring. The XRF
analysis method used is a variation of Norrish & Chappell (1977).
ICP-MS Trace Elements
The ICP-MS is a Perkin Elmer Elan 6000. Samples are prepared by digesting approx 100 mg
of the glass disc prepared for XRF major elements with 5 ml of distilled HNO and 1 ml of
distilled HF in a sealed Savillex teflon vessel to which 5 ml of internal standard has been
added. The elements being analysed are separated into groups and ratioed against the isotopes
present in the internal standard. The instrument is calibrated against a range of USGS
international and GA synthetic standards. The digestion method used is that of Pyke (2000).
A variation of the method of Jenner et al. (1990) is used for data reduction.
Ferrous iron determination.
The method used is a modification of that of Shapiro and Brannock (1962).
(1) Weigh approximately 500 mg of sample accurately into a 50 ml platinum crucible.
(2) Enter the sample weight in mg into the Titrino.
(3) Add 10 ml of 1:3 H SO and 5 ml of 40% HF to the crucible.
(4) Cover the crucible with a platinum lid and digest on a hotplate for 10 minutes.
(5) Transfer the digest to a 600 ml plastic beaker containing 400 ml of deionised water, 15 gm
HBO and 10 ml of 1:1 HPO.
(6) Titrate the solution with K Cr O	 using a Metrohm 716 DMS Titrino using a LL
combined Pt wire electrode. The K Cr O	 solution is made of approximately 6.83 gm of
K Cr O	 dissolved in 5 litres of polished MQ water.
Calibration of Metrohm Titrino.
The instrument is calibrated against a range of in-house standards and USGS International
Standards.
The practical detection limits, method used, and units, for each analyte, are given in Table
IV.1.
IV.2.2 Gold
Gold was analysed by Analabs, Welshpool, Western Australia, using their method M626. This
method involves Aqua Regia digest of 30g sample, followed by fire assay, lead collection, and
ICP-MS analysis. Detection limits are 1–16660 ppb Au.
IV.3 GEOCHRONOLOGY
IV.4.1 Zircon separation & mounting
Zircon separation and mount preparation was performed by the technical staff at Geoscience
Australia. The mineral separation lab at GA has an excellent reputation for avoiding sample
contamination. A relatively small amount of each sample (<2 kg) was crushed into 2-5 cm
sized pieces using a pre-cleaned hydraulic splitter. These were ultrasonically washed in water
   
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and dried under heat lamps. They were then fine-crushed using a jaw crusher, then milled
using a rotary disc mill.
Initial density separation was done on a vibrating Wifley table which washed away fine dust
and reduced the sample weight to about 5%. Highly magnetic grains were then removed using
a hand magnet. A second density separation was done in tetrabromoethane with a density of
2.96 g/ml. Further magnetic separation was done using a Frantz isodynamic separator. The
non-magnetic fraction then underwent a third density separation in methylene iodide (density
3.3 g/ml) and a second Frantz separation. Only the least magnetic grains were selected for
handpicking.
Several hundred grains were recovered from each of the three samples of Paxton Granite
(Chapter 2). Zircon selection was by handpicking under a binocular microscope, and was
biased towards the clearest grains, without discrimination between grain morphologies. More
than one hundred grains from each sample were encased in epoxy along with just less than
100 grains of the zircon standard QGNG, one grain of SL13, and one ‘setup’ grain with high
U, Th & Pb from the Panton Sill. Zircons from samples 2167 (Kychering Granite) and 2193
(Pegler Granite) were also included on this mount (see Chapter 4 for results). The mount
Z4124 was ground and polished to expose the zircons approximately through their mid-
section. All grains were photographed in transmitted and reflected light, and imaged by
cathodluminescence (CL) on a Hitachi S2250 NSEM at the Electon Microscopy Unit at the
Australian National University. The mount was then cleaned by immersion in petroleum
spirit in an ultrasound, rinsed in distilled water and surface coated with high-purity gold.
IV.4.2 SHRIMP analytical procedure
All analyses of Paxton Granite samples were carried out in two sessions on the SHRIMP I
instrument at the Research School of Earth Sciences, Australian National University. The
author was supervised by Jon Claoué-Long, with technical backup by Chris Foudoulis and
others at the RSES. Night shifts were run by Kat Lilly, Chris Heath, Martin Worthy, Carl
Spandler, and Robby Holland.
Prior to measurement of U-Th-Pb isotopes, the primary beam was first rastered (moved
around the surface of the area of interest) for 3 minutes to remove the gold coat which
potentially contains contaminating Pb from around the target spot. Then the secondary beam
of sputtered ions was collected while the magnet was cycled through field positions equivalent
to nine masses of interest.
Generally, 
Zr O was measured for 2 seconds,  Pb for 10 seconds, a background reading
0.04 AMU heavier than  Pb for 10 seconds,  Pb for 10 seconds,  	Pb for 40 seconds,  Pb
for 10 seconds,  U for 5 seconds,   ThO for 5 seconds and  UO for 2 seconds. Seven
scans through these masses were made. The primary O  beam was typically <10 nA, and
mostly stable. Spot sizes were mostly in the range 20 - 30 m.
The current passing through the gold coat on the surface of the zircon mount was measured
at the same time that electron counting occurs, and was a secondary beam monitor. The
strength of this current was used to correct the mass spectrometer counts to adjust for
changes in ion extraction efficiency. Ratios between the isotopes were not determined directly
during the peak-stepping because several seconds intervene between collection of counts for
one mass and the next. As the crater was drilled deeper during this time, the different
extracting efficiences of the various ions required that a best fit track of the (secondary) beam
intensity was established for each mass over time. These tracks were then integrated over the
time between the last mass of the first scan and the first mass of the last scan, and ratioed
   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using the Dodson double-interpolation procedure to produce a single average set of mass
ratios that constitute the analysis.
Three stages of quality control were applied in measuring the beam intensities. Firstly, during
ion counting the total count for each mass was divided into 10 time segments. The observed
scatter of sub-counts was compared with the Poisson counting uncertainty, and any
significant outliers were rejected. This was done automatically by the SHRIMP I software, but
some ‘outliers’ were manually reinstated from hardcopy output during the data reduction
stage. The second quality control measure was provided by the secondary beam monitor, and
has been described above. These two procedures monitored very short term beam
instabilities. Longer term variations, on the scale of minutes (i.e. within the period of one
analysis) were monitored by assessing the fit of each scan to the track of ion counts over time.
This was done manually, and therefore subjectively, because the effect of zonation within the
target zircon grain had to be taken into account.
IV.5 LA-ICPMS ZIRCON CHEMISTRY
Zircon chemical analysis was conducted at the Research School of Earth Sciences, Australian
National University (RSES ANU), using LA ICP-MS. The RSES LA ICP-MS employs an ArF
(193 nm) EXCIMER laser and an Agilent 7500 series ICP-MS. A spot size of between 24 m
and 40 m was used, and count times were approximately 17 seconds for the background and
40 seconds for sample analysis. The laser was cycled at 5 Hz, at a voltage of 22.5 kV,
producing 0.5 W and 100mJ. A gas mixture of He, Ar and H was used to transport ablated
material from the sample to the mass spectrometer. Instrument calibration was against NIST
612 glass using standard reference values of Pearce et al. (1997), listed in Table 14..1A. NIST
612 was measured once per every six unknowns. Another standard, BCR2G, was measured
once every six unknowns, and these results were used for error calculations (Table 4.7.2).
Data reduction was performed using an Excel spreadsheet provided by Dr Charlotte Allen
(RSES), and the following description of the analytical and data reduction methods is
provided by her.
“LA ICP-MS is a standard-dependent technique, similar to that of SHRIMP. The number of
counts per second per mass (ppm or wt%) is deduced by analysing a material containing
known concentrations of the elements of interest (the standard). In a simplified way, counts
per second (cps) from the unknown material is divided by counts per second per ppm from
the standard and in that way the ppm in the unknown material is calculated. To determine cps,
background values must be subtracted from those obtained while the material is being
ablated. This is done by collecting background counts with the laser off for ~17 seconds, then
counting with the laser on for ~40 seconds. A few seconds of data is discarded during the rise
of the laser-on signal. A data report is obtained on the full sweep of analysed masses about
every 0.5 seconds, referred to as a time-slice. The average background for each mass is
obtained, and this value is subtracted from each time-slice of the laser-on signal, for each
mass.
“There are three factors in using the LA ICP-MS which must be taken into account. Firstly,
the technique fractionates one isotope from another and this is tuning dependent, so it varies
daily with the tuning setup, and throughout the analytical run because the tuning conditions
change modestly. Secondly, isotopes are fractionated as a hole is drilled into each sample,
depending on the material being ablated and the aspect ratio of the hole. Lastly, the cps/ppm
from different materials varies - this is known as the ‘matrix effect’. Ideally the standard is
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carefully matched to the unknown but this is also mitigated by using an internal standard
(istd). For analysing zircons,  Si is often used. The results are ratioed to this internal standard,
and the concentration is assumed to be equal to the ideal zircon stoichiometry of 37.22 wt%.
“Using internal standards, ratioing to the standard, and using the same time-slice interval for
calculation makes negligible effects two and three above. The first effect (‘machine drift’) is
minimised by making a linear interpolation of counts between two standards that bracket the
set of unknowns of interest. For instance, if seven unknowns are analysed between two
standards then for the first analysis a value of six-sevenths of the first standard plus one-
seventh of the second standard is used for the standard value. This assumes a linear drift of
signal intensity with time. Because isotope fractionation is depth dependent when drilling into
a sample, the selected interval in the unknown is matched to the same depth interval in the
standard.”
Figure 4.7.3 is an example of measurement of an unknown, showing background (laser-off),
the signal rise during laser-on, and counts during laser-on. In addition to the effect of isotope
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Figure AIV.1. Graphical representation of output from LA ICP-MS. Vertical yellow lines define the
background ‘laser-off’ period. Vertical red lines define the time slices selected for use, based on parallelism
fractionation downhole, the laser often depth-profiles the zircon grain during drilling, and
may even drill completely through the grain or into an inclusion. It is therefore usually
necessary to specify which part of the laser-on signal to use. This is shown as the vertical red
lines. In all analyses, the time interval selected for use was determined subjectively by
evaluating the degree of parallelism between the elements, and the levelness of the signal.
Some of the analyses produced only short useable time intervals; this is something which has
not been taken into account in error processing, but has been included as the ‘count’ row in
Table 14.1.
Mercury (atomic weight 200.59) produces an interference with  Pb on the LA ICP-MS
(Allen pers. comm.). The amount of common Pb is therefore calculated by assuming
concordance of the U & Th systems, using the initial  Pb/ U age to calculate what the
 Pb/  Th ratio should be, then seeing what excess  Pb there is, and assume a common Pb
208:207: 206 composition (Allen pers. comm.).
IV.6
 
Ar/

Ar DATING
IV.6.1 Analytical technique
A complete description of the Ar/
Ar technique can be found in McDougall & Harrison
(1999). After thin-section examin-ation, mineral separates were obtained from each sample
by standard crushing, sieving, heavy-liquid and magnetic pro-cedures, followed by hand-
picking. Mineral separates were loaded into handmade Al-foil packets and stacked in a silica-
glass tube along with regularly spaced packets of standard material GA-1550 biotite. The silica
tube was irradiated inside an aluminium can with a 0.2 mm-thick cadmium liner in position
X33 or X34 of the HIFAR reactor, Lucas Heights, New South Wales. To monitor leakage of
thermal neutrons through the cadmium liner, packets of K-glass were placed at either end of
the irradiation can. The samples were irradiated for 32 days. Following irradiation, they were
loaded into a high-vacuum extraction line and step-heated in a tantalum resistance furnace.
Active gases were removed with Zr-Al getters before isotopic measurement in a VG3600
mass spectrometer at the Research School of Earth Sciences, Australian National University.
Heating schedules are given in Table 4.6.2, with samples being held at the specified
temperature for 12 min per step. Data treatment was by the Macintosh software NOBLE.
The assumed age for the GA-1550 biotite standard was 98.8 ± 0.5 Ma (Renne et al. 1998).
Analysis of K-glass from each end of the irradiation can revealed no significant departure of
the (Ar/
Ar) correction factor from the established value for HIFAR, thus correction for
K- and Ca-derived nucleogenic isotopes was made with the following correction factors
(Tetley et al. 1980): (Ar/	Ar) = 3.5 x 10; (
Ar/	Ar) = 7.86 x 10; (Ar/
Ar) = 2.7 x
10 . Uncertainties on the ages of individual heating steps shown in Table 4.6.2 are analytical
uncertainties only and are quoted at the 1 level. Plateau age criteria are those used by
ISOPLOT (Ludwig 2001), and require at least 60% of the 
Ar to be released in three or more
consecutive steps with a probability of fit >0.05 with no resolvable slope on the plateau. In
addition, for the sericite plateau-age calculations we have considered steps only in which the
apparent K/Ca ratio, as measured by 
Ar/	Ar, is >10. Uncertainties on plateau ages shown
in Figure 4.6.5 and quoted in the text are given at the 2 level and include a contribution of
0.2% (1) uncertainty on the J parameter, as estimated from the observed variation in
Ar*/
Ar in the standards within the irradiation can. Plateau-age calculations do not
include uncertainties in the age of the standard, or decay constants.
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IV.7 FLUID INCLUSIONS
Doubly-polished thin sections of ~100 mm thickness were scanned, and a grid overlain for
the purposes of mapping the locations of groups of fluid inclusions. The sections were
examined under a normal petrographic microscope to select fluid inclusion groups. The
inclusion groups were digitally photographed at various scales, and also at different focus
depths, then combined in image processing software to produce a map. This has the
advantage over sketching that the exact size and position of inclusions is recorded. The
mapping at various scales allowed individual inclusions to be re-found and analysed for each
of the heating, freezing and laser Raman methods.
Once the mapping was complete, the rock wafers were removed from the glass slide. Initally
this was done by immersing the thin section in an acetone bath overnight, then sliding the
wafer from the glass. The wafers were then broken using a scalpel. This method felt like
roulette, although no inclusion groups were lost, it was only a matter of time before one was.
Further, because the whole wafer was broken, there was no chance of preserving contextural
information. A microdrill was discovered under a thick layer of dust in the labs at Geoscience
Australia, and this was used to cut a circle through the wafer around the inclusion groups
while the wafer was still glued to the glass slide. The thin sections were then soaked in acetone,
and in many cases, it was possible to remove just the cut-out circle of wafer containing the
inclusion groups, leaving the rest of the wafer whole on the glass slide.
Laser Raman analysis was conducted on selected samples to verify the presence and molar
abundance of CO  ± CH (Table 4.8.5). This work was conducted at Geoscience Australia
using a Dilor SuperLabram spectrometer with a 514.5 nm Spectra Physics 2020 argon ion
laser (Mernagh 2001), under the supervision of Dr Terrance Mernagh.
Thermometric analysis was also conducted at Geoscience Australia using a computer-
controlled Linkam THM 600 heating/freezing stage (Shepherd et al. 1985). The analyses were
conducted in several multi-day sessions some time apart, however temperature calibrations
of the system were performed several times and showed virtually no drift. Freezing
experiments were conducted on all inclusions in a chip before heating, as many of the
inclusions stretched or ruptured prior to complete homogenisation. Where possible,
measurements on all phase changes were made at least twice. A guess was made on the basis
of liquid:vapour ratio as to which inclusions would homogenise first during heating, and it
was then attempted to observe the inclusions in the order of increasing homogenisation
temperature. This was in an attempt to minimise loss of measurement opportunities due to
decrepitation. The inclusions were observed at room temperature after heating to look for
stretching.
Freezing and heating analyses were conducted twice inadvertently on sample 2221A inclusion
group C8, in two separate sessions. Table 4.8.4 shows the excellent reproducibility of the
analyses.
IV.8 PB ISOTOPES
K-feldspar was hand picked from fine-crushed light fractions left over from zircon mineral
separations. Galena was hand picked either from previous mineral separations for sericite, or
from scratchings of hand samples. Whole-rock powders were those prepared for geochemical
analysis.
The following description of Pb-Pb isotope analytical procedures is provided by Dr Roland
Maas (University of Melbourne) who performed the analyses:
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IV.8.0.1 Galenas
Small samples of galena or galena+impurities (typically <1 mg) were dissolved in
concentrated HNO followed by 6M HCl. No column chemistry was necessary for these Pb-
rich samples. For mass spectrometry, samples were diluted to 10 ml with 0.3M HNO; a 1
microlitre aliquot was then further diluted to produce suitable signal intensities in the ICPMS.
IV.8.0.2 K-feldspars
20-40 mg of feldspar separate was weighed into clean Teflon beakers, followed by a sequential
leaching procedure to remove, as much as possible, any contaminant Pb located on grain
surfaces, cracks and cleavage planes and in soluble U-Th-bearing impurities (e.g. Ludwig &
Silver 1977, Gariépy & Allègre 1985, McNaughton & Bickle 1987). Experience has shown
that this is necessary to obtain reliable initial Pb isotope ratios from feldspars. Many workers
add an extra layer of caution by collecting full U-Th-Pb data for the residues; these are then
used to apply a (usually small) age correction. In principle, the effect of leaching on a sample
would need to be checked by analysing each leachate until no further change in Pb isotope
ratios is observed between successive leachates. The residue can then be assumed to contain
the inital feldspar Pb. In practice however, this is rarely done to avoid the considerable
increase in analytical effort; a uniform leaching protocol that has been shown to be effective is
used for all samples instead.
The leaching protocol used here resembles that of McCulloch & Woodhead (1993) and
involves the following steps:
(1) 2 ml conc. HNO, closed beakers heated at 120 °C (2 hours);
(2) 2 ml 6M HCl, closed beakers heated at 120 °C (2 hours);
(3) 2 ml 2M HF, closed beakers heated at 120 °C (6 hours); and
(4) complete dissolution of residue in HF/HNO and 6M HCl.
After each leach step, the samples were centrifuged in the beakers and the leachate was
pipetted off. Mass loss from the feldspars during the first two leach steps was minimal but the
dilute HF leach removed a significant portion of the feldspar samples.
The effectiveness of the leaching protocol is illustrated by data from another K-feldspar
study, carried out in this laboratory on behalf of David Huston (Geoscience Australia). Signal
intensities in the ICPMS showed that only a few ng of Pb were removed in the HNO and HCl
steps. However, the isotopic composition of this Pb is clearly more radiogenic than the Pb of
the dilute HF step and the resulting feldspar residue:
 Pb/ Pb  Pb/ Pb  Pb/ Pb
HNO leach 18.509 15.726 38.936
HCl leach 18.401 15.715 38.482
HF leach 18.210 15.687 38.330
Residue 18.210 15.690 38.336
Pb was extracted from the dissolved residues using a single pass over 0.13 ml (4 mm x 10 mm)
beds of EICHROM Sr resin (50-100 m), following a recipe of Deniel & Pin (2001). This
procedure produces sufficiently pure Pb fractions, with reasonable yield and acceptable
column blanks (>70%, 25 pg Pb blank) in a fraction of the time required for the traditional 2-
pass AG1-X8 anion exchange technique (Manhes et al. 1978).
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IV.8.0.3 Au-pyrite mixtures
Two 15 mg aliquots of this sample were attacked with hot aqua regia (3:1 HCl-HNO) over
several days followed by evaporation and a second attack with HCl alone. Part of the sample
clearly dissolved but some residue remained in each case. Pb was separated from the
supernatant solution using the Sr resin technique described above.
IV.8.0.4 Granite whole rocks
40 mg of rock powder were dissolved with HF/HNO and HCl, followed by aliquotting for
isotope dilution. The smaller aliquot was spiked with mixed  U- Pb spike. Pb and U were
extracted using EICHROM Sr resin and TRU resin (Luo et al. 1997), respectively.
IV.8.0.5 Mass spectrometry
Isotopic analyses were made on a NU instruments multi-collector ICPMS coupled to a
CETAC Aridus desolvating nebulizer. Samples were presented as dilute (ca. 100-150 ppb Pb)
solutions in 0.3M HNO. At an uptake rate of 40 l/min, the instrument produced a
sensitivity of about 100V/ppm Pb. Typical  Pb signal intensities were therefore between 5-
7.5x10 A. Instrument Pb memory (10000 cps  Pb at start, 30000 cps at end of sessions)
was subtracted from bulk signals using the on-peak-zero method.
IV.8.0.6 Mass bias
Instrumental mass fractionation, a critical factor in Pb isotope work, was corrected using the
thallium doping method. For this purpose, the dilute HNO used to pick up the samples was
doped with 10 ppb reagent thallium. Several recent papers (e.g. White et al. 2000; Rehkämper
& Mezger 2000) have shown that this technique can result in highly precise, reproducible and
accurate Pb isotope ratios. However, this is still a new and developing field, and a definitive
technique has not yet been established. For example, Thirlwall (2002) reports systematic
differences between MC-ICPMS Pb isotope ratios obtained by the Tl-doping and double
spike method.
The variant of the method used here (Woodhead 2002) appears to be more robust than the
implementations in other laboratories. We do not see evidence for systematic errors of up to
0.04% per mass unit in Tl-corrected Pb isotope ratios reported by Thirlwall (2002). It should
be noted in this context that this type of error (0.08% for  Pb/ Pb) is comparable to
commonly quoted analytical precisions (0.1 %) for conventional, externally normalised TIMS
Pb isotope data. It would correspond to an increment of 0.012 in a  Pb/ Pb ratio of
16.000. The excellent accuracy and reproducibility of our method is illustrated by the
following data (from Woodhead 2002):
 Pb/ Pb  Pb/ Pb  Pb/ Pb
NIST981 (±2sd, n=27) 16.9359 ±24 15.4893 ±23 36.6972 ±76
Recommended 16.937 15.491 36.700*
*this is the modified value based on Richards (1986)
The reproducibility is further illustrated by the results for one of the granite Pb's from this
study (same Pb solution analysed in two separate sessions), and by the results for a galena
from Broken Hill ore (same Pb solution analysed in three separate sessions):
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Sample  Pb/ Pb  Pb/ Pb  Pb/ Pb
2004wr.1 19.360 15.707 40.764
2004wr.2 19.359 15.707 40.764
2004wr.3 19.356 15.706 40.764
BH1.1 16.006 15.392 35.667
BH1.2 16.008 15.394 35.674
BH1.3 16.005 15.390 35.661
BH1.4 16.004 15.389 35.661
Avg* 16.004 15.389 35.651
* Average of Broken Hill galena from many other studies given in Richards (1986)
These data indicate 2sd uncertainties of ±0.003 for  Pb/ Pb and  	Pb/ Pb, and ±0.007
for  Pb/ Pb (~ ±0.02%), similar to 2se internal precisions for individual runs comprising
20 x10 second integrations.
IV.9 Nd ISOTOPES
The following description of analytical procedures was provided by Dr. Roland Maas, who
performed the anaylses at the Univeristy of Melbourne.
Approximately 50 mg of sample powder were weighed into Krogh-style teflon high pressure
dissolution vessels and spiked with an appropriate amount of mixed 
Sm-Nd spike
solution. Following conventional procedures, sample dissolution was done in three steps: (1)
SiO  was fumed off with a mixture of HF and HNO (2:1) on a hot plate; (2) more HF/HNO
mixture was added, the bombs sealed and placed inside stainless steel bombs, these were
placed in an oven at 160-180 °C for at least 2 days; (3) after evaporating the HF/HNO, the
bombs were returned to the oven with 6M HCl/HNO (10:1) for another night. The resulting
solutions were typically clear and free of residual gels.
LREE were extracted by passing the sample solutions over 0.1 ml beds of EICHROM™ RE
resin (100-150 m), following Pin & Santos-Zalduegui (1997). Sm and Nd were separated on
3 ml HDEHP-Kel-F columns (Richard et al. 1976). Total procedural blanks are <0.1 ng Nd;
no blank corrections were necessary.
Isotopic analyses were carried out on a NU Instruments multi-collector ICP-MS coupled to a
CETAC Aridus desolvation nebulizer (Woodhead 2002). Mass bias was corrected by internal
normalisation to  Sm/	Sm = 1.78307 and Nd/Nd = 2.0719425 (equivalent to
Nd/Nd = 0.7219, Vance & Thirwall 2002) using the exponential law. Spike subtraction
calculations were done on-line using an iterative algorithm, while isotope dilution calculations
were carried out off-line. Nd isotope results were adjusted to be consistent with La Jolla Nd =
0.511860. Results for secondary Nd isotope standards (BCR-1 = 0.512641 ± 18, 2sd, n=25:
BHVO-1 = 0.512998 ± 18, JNdi-1 = 0.512113 ± 22) compare well with TIMS data for these
standards (e.g. Raczek et al. 2003; Tanaka et al. 2000), illustrating the accuracy of this approach.
Results for the rock standards indicate external (2sd) precisions of ± 0.000020 (= ± 0.004%)
for Nd/Nd. External precision for 	Sm/Nd is ± 0.2% (BCR-1 = 0.1380 ± 2,
BHVO-1 = 0.1493 ± 3, indistinguishable from TIMS-based results, e.g. Maas & McCulloch
1991; Raczek et al. 2000).
The 	Sm decay constant is 6.54 x 10 /yr;  and  values are calculated for
Nd/Nd and 	Sm/Nd of 0.512638 and 0.1967, respectively. Nd model ages
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(T) are calculated using a linear depleted mantle model (similar to Goldstein et al. 1984)
with the following present-day parameters: 0.513144 and 0.2136.
Two samples were analysed at the University of Adelaide by Dr Karin Barovich (Table 17.6).
Whole-rock samples and ores were spiked before dissolution with a mixed 
Sm-Nd tracer.
They were dissolved overnight using HF and HNO, evaporated to dryness, then followed by
oven dissolution in fresh HF and HNO for 4 days at 160°C. Samples were evaporated to
dryness and converted to chloride form with 6M HCl. They were again placed in bombs
overnight with 6M HCl to ensure complete equilibration. Sm and Nd were separated by
conventional ion exchange methods. Nd isotopic ratios were measured on a Finnigan MAT
262 multicollector, and Sm isotopic ratios on a Finnigan MAT 261 single collector machine.
During the period of this study, the La Jolla Nd isotopic standard gave Nd/Nd =
0.511845 + 16 (2, n = 9), and laboratory blanks averaged < 160 pg Sm and < 320 pg Nd.
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Appendix V
Parameters used in Geochemical
Modelling
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Table A.V.1 Compositions used in least-squares major element modelling. DHZ = Deer et al. 1966, 1992.
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Compilation of published
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Compilation of Nd isotope data
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Appendix VIII
Granites of the Tarcoola region
   	
The sampling program conducted in July – August 2001 was aimed at collecting a representa-
tive set of samples from as many of the granite plutons as possible in the Tarcoola region (Fig-
ure 6.1). Where possible, several samples from each pluton were taken, for two main reason.
Firstly, multiple samples were taken from some granites (e.g. 2213A & B of the Gibraltar
Granite) as a check of uniformity particularly of the accessory minerals. Secondly, where more
than one phase was present in a pluton, samples were taken of all of the phases, to establish
the fractionation behaviour of the pluton.
Sample details (site information, description) are given in Appendix I, and chemical analyses
in Appendix II. The sampling and analytical methods are detailed in Appendix IV. As noted in
Appendix I, all samples have Geoscience Australia numbers, which are formulated as year-
project-originator-sampleid, e.g. 2000-36-3-001 (without hyphens). These have been abbrevi-
ated to yy-ss, e.g. 2001, omitting the project and originator parts.
VIII.1 AMBROSIA GRANITE
VIII.1.1 Location & samples
Named after the Ambrosia Outstation ~60 km NW of Tarcoola township. The pluton
boundary shown on Figure 6.1 encompasses a large area of elephant-skin magnetic character,
however the outcrops from which the samples were taken are restricted to a small area with a
low magnetic signature. There is relatively little outcrop in the area (Daly 1985), but numerous
drill holes in the north are logged as intersecting granite assigned to the HAG. The pluton is
bounded to the north by the Mulgathing Trough - the area of bland magnetic charater running
in a zig-zag across the top of the pluton in Figure 6.1.
Eight samples were collected: 2175, 2176, 2177A & B, 2178, 2179, 2180 and 2181. Sample
2178 was dated at 1575 ± 8 Ma (Chapter 4).
VIII.1.2 Petrography
In hand sample the granites are equigranular and mostly fine- to medium-grained, with the
exception of 2178 which is coarser-grained. The granites are pink-grey, and hematisation can
be seen. In thin section, the mineralogy consists of perthitic K-feldspar rimmed by altered pla-
gioclase, plagioclase, quartz, minor biotite and muscovite, fluorite and magnetite, and trace
zircon. Titanite is observed in sample 2181, but not in the other samples. Much of the biotite
present is chloritised, and the alteration of biotite has allowed crystallisation of fluorite as
fluorine is not taken up in chlorite. Some of the biotite is unaltered and red in colour. Zircon
in 2177B shows metamictisation. Some granophyre is developed in 2175.
VIII.2 BIG TANK GRANITE
VIII.2.1 Location & samples
This granite occurs in the vicinity of the Peela Swamp and the Peela Well, but the name
"Peela" has already been used for the Peela Conglomerate Member of the Tarcoola Forma-
tion (Daly 1985). The name Big Tank has been used for this granite, and is derived from the
"Big Tank" tank approximately 10 km to the north. The pluton lies ~15 km NE of Tarcoola.
Five samples are assigned to this pluton: 2130 to 2134 inclusive. They are differentiated from
the Swamp, Brown Hill and Welcome Well samples by their very fine-grained, miarolitic tex-
ture and deep red colour.

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Sample 2131 was dated at 1589.8 ± 7.4 Ma (Chapter 4).
VIII.2.2 Petrography
All samples are of fine-grained porphyritic felsic granite with common miarolitic cavities and
strong hematisation giving a brick red colour.
In general, this pluton comprises high-level, fine grained felsic granite, composed of variably
porphyritic K-feldspar, quartz, plagioclase, muscovite with minor biotite, relict/pseudomor-
phed titanite, and fluorite. Miarolitic cavities are common. Granophyric textures are com-
mon, and vary in abundance, extent and type. There is no deformation evident, but hematisa-
tion is strong.
In thin section, sample 2130 shows outstanding development of graphic granophyre high-
lighted by hematisation of all of the feldspar in the rock. Titanite is pseudomorphed by a re-
placement mineral. Some muscovite is present. The original ferromagnesian minerals, pre-
sumed to be biotite, are totally altered.
Wormy granophyre is evident in 2131, which is also strongly hematised. Pseudomorphed
titanite is present, as is fluorite which is thought to be secondary. Muscovite, which is proba-
bly primary, has been hematised.
Sample 2132 contains blebby granophyre (relatively coarse-grained, rounded but not as con-
nected as wormy granophyre). The sample also contains muscovite and allanite. This is the
only polished thin section of the Big Tank Granite, and it shows the development of crystal-
line hematite within a miarolitic cavity and also replacing biotite.
Sample 2133 shows some coarse granophyre. Fluorite is associated with chloritised biotite.
Minor allanite is present. The sample is hematised.
Sample 2134 is fine-grained with slightly porphyritic feldspar and common muscovite.
VIII.3 BIRTHDAY GRANITE
VIII.3.1 Location & samples
The Birthday Granite is located near the Birthday Ballast Quarry, about 50 km north of Tar-
coola. Seven samples were collected: 2153, 2154, 2156, 2157, 2158, 2159 and 2160.
VIII.3.2 Petrography
Most of the samples are fine-grained, equigranular to slightly porphyritic pink granites. Sam-
ple 2158 is medium-grained equigranular.
In thin section, 2153 is fine-grained and equigranular, with rare larger grains of feldspar. The
hand sample however shows that there is about 5% of feldspar phenocrysts up to 7 mm pres-
ent. Plagioclase is slightly more dominant than K-feldspar, and is partly sericitised. Minor gra-
nophyre texture is developed. Biotite is common, mostly occuring as partly chloritised fine
grains, but some larger grains are present. Titanite is fine-grained and unaltered. Minor
amounts of fluorite, apatite, zircon, and secondary epidote and hematite were observed. Mag-
netite is the stable Fe-oxide, with some exsolution lamellae.
Sample 2154 is very similar to 2153, but has more prominent (more and larger) feldspar phe-
nocrysts, and slightly more granophyre development.
   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Sample 2156 is fine- to medium-grained with common granophyre texture. It is composed of
plagioclase, K-feldspar, quartz, hornblende, biotite, apatite, titanite, zircon and magnetite. It is
slightly hematite dusted.
Sample 2157 has a sparsely-porphyritic texture with a fine-grained matrix. It is comprised of
K-feldspar, plagioclase and quartz that occur as both phenocrysts and matrix phases, as well
as biotite, titanite, apatite and zircon.
Sample 2158 is medium-grained with an equigranular texture. Plagioclase is unaltered in parts,
but altered in others. K-feldspar is finely perthitic, but the albitic exsolutions are very altered.
The rock is strongly hematitised. Other minerals include biotite, euhedral titanite, magnetite,
zircon, allanite, apatite and muscovite that may be secondary.
Sample 2159 is fine-grained and mostly equigranular with just a few large feldspar grains. It is
very similar in composition to 2153 and 2154, with plagioclase, K-feldspar, quartz, biotite,
titanite, magnetite, zircon and secondary chlorite. No granophyre was seen.
Sample 2160 is fine- to medium-grained with seriate texture. It is less felsic than the other
samples from this granite, as it contains common hornblende and more biotite and titanite.
Some 'mafic clots', aggregates of hornblende + titanite + apatite + magnetite + zircon are
present. The rock is only slightly sericitised and hematised.
VIII.4 BROWN HILL GRANITE
VIII.4.1 Location & samples
The Brown Hill pluton occurs ~15 km NNW of Tarcoola. Brown Hill is a slight misnomer:
the aeromag image (Figure 6.1) suggests that the granite at Brown Hill (Daly 1985) is probably
part of either the Paxton Granite or the Cooladding pluton. Brown Hill is differentiated from
the Konkaby West, Big Tank and Swamp plutons based on texture, but is chemically very
similar to those plutons.
Four samples are included in this pluton: 2127, 2128, 2129 and 2151.
VIII.4.2 Petrography
The Brown Hill samples are medium- to coarse-grained, red in colour, and commonly miaro-
litic. Ferromagnesian minerals are rare, and the granites are muscovite bearing. The granites
show a variety of textures: 2127 is slightly weathered, red medium- to coarse-grained weakly
porphyritic; 2128 is a fine-grained white-red granite with abundant miarolitic cavities; 2129 is
a red medium-grained miarolitic slightly porphyritic granite; and 2151 is a pink-red medium-
grained miarolitic porphyritic granite.
Sample 2128 is fine-grained and has well-developed granophyre, minor (~2 %) muscovite,
and rare relict altered biotite.
2129 is coarse-grained, has hematised perthitic K-feldspar; relatively minor, coarse grano-
phyre; and minor muscovite. Fluorite occurs with relict hornblende and biotite, suggesting
that it is secondary. However, fluorite also occurs with allanite in interstital spaces/ incipient
cavities.
2151 has unaltered plagioclase but with some larger grains being partly replaced by muscovite.
K-feldspar is perthitic, and primary muscovite is present. There is no granophyre, but rather it
has a 'tight' crystal texture with straight grain boundaries.
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   
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VIII.5 COOLADDING GRANITE
VIII.5.1 Location & samples
The Cooladding pluton is large, occurring to the northwest of Tarcoola, across the NE-
trending basement fault of Daly et al. (1990). It has a low to moderate magnetic signature,
which is fairly even. Six samples are included in this pluton: 2107, 2108, 2109, 2110, 2112 and
2124.
VIII.5.2 Petrography
There are two phases present in the Cooladding Granite: a coarse-grained granite; and a later
fine-grained aplite. The coarse-grained granite contains titanite, large pink K-feldspar, zoned
plagioclase, and fine ferromags, and has a seriate texture. The aplite is grey to pink, with com-
mon small miarolitic cavities. Three samples were taken of each phase.
The coarse-grained granite samples are 2107, 2110 and 2112. In thin section, 2107 is partly
altered: plagioclase cores, titanite and biotite are altered, but most other minerals are not. K-
feldspar is perthitic. Allanite is present, and several large zircon grains were observed. Pyrite
may be present too (thin section covered not polished). In sample 2110 plagioclase and biotite
are slightly more altered than 2107, but titanite is fresh. This may indicate that titanite altera-
tion in 2107 was due to weathering. Hornblende is minor, and titanite forms perfect lozenges
in 2110. 2112 is more altered, has a bigger difference in grainsize between large K-feldspar
and quartz, smaller plagioclase and scrappy biotite. It contains less titanite, and some
granophyre.
The aplite samples are 2108, 2109 and 2124. Sample 2108 shows strongly developed graphic
texture, and consists of not much but K-feldspar, plagioclase and quartz. 2109 also shows well
developed graphic texture, and has abundant very fine black ferromags, abundant fine
opaques and rare zircon and allanite. Sample 2124 is hematised and fine-grained but without
granophyre. It consists of quartz, K-feldpsar, plagioclase, bitoite, and muscovite, and no titan-
ite was seen.
VIII.6 DOUBTFUL (BORE) GRANITE
VIII.6.1 Location & samples
The two Doubtful Granite samples come from small outcrops within the Lake Barry and
Muckanippie Anorthosite intrusives. As seen in the chemistry, they are unique in this dataset,
and possibly represent late intrusives. The samples are 2187 and 2188.
VIII.6.2 Petrography
The two samples are fine-grained, grey (2187 has slight pink tinge), and have abundant fine
ferromagnesian minerals.
In thin section, 2187 has a fine-grained texture with complex sutured grain boundaries possi-
bly indicating some re-crystallisation. It consists of quartz, plagioclase, perthitic K-feldspar,
and very minor granophyre. Biotite is fine but scrappy and partly chloritised. Magnetite is
common and is probably primary.
2188 contains more biotite, and some epidote reflecting some alteration. Exsolution lamellae
are visible in magnetite. No hornblende or titanite is present.
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VIII.7 EALBARA RHYOLITE
VIII.7.1 Location & samples
Together the Carnding Rhyodacite and Ealbara Rhyolite form the most northwestern
occurence of the GRV (Daly 1985). A few samples of the Ealbara Rhyolite only were col-
lected: the sampling program specifically targetted Hiltaba Suite granites. Most of the samples
were taken from west of Gibraltar Rocks (samples 2116, 2117A & B, 2119), and sample
2155B was taken from the Birthday Ballast Quarry. Sample 2155A is a strongly altered sample
and not discussed further here.
VIII.7.2 Petrography
Sample 2116 is a medium-grained red feldspar porphyry. Phenocrysts are up to 1 cm, and are
dominated by simply twinned euhedral perthitic K-feldspar. Plagioclase is rarely porphyritic,
and no quartz phenocrysts were seen. The groundmass is dominantly composed of fine-
grained quartz and plagioclase, and some myrmekite texture was seen. Plagioclase is hematite-
dusted. Hornblende and biotite are mostly fresh, but are weakly kinked and slightly chloritised
in places. Apatite is abundant, and zircon is common. No fluorite or allanite were observed.
Magnetite with hematite exsolutions is common, and is often rimmed by titanite.
Sample 2119 is a quartz-feldspar porphyry that has been hematised to a red colour. In thin
section, it contains phenocrysts of perthitic K-feldspar, plagioclase and quartz. The feldspar
phenocrysts commonly contain quartz inclusions. The matrix is composed of fine quartz +
feldspar. The opaque grains are composed of ilmenite + magnetite (in single grains). Biotite is
rare. Allanite forms large grains.
Sample 2155B is red, feldspar porphyritic with embayed quartz eyes, and has variations in the
matrix grainsize. The feldspars (both phenocrysts and in the matrix) are extremely hematised.
Some biotite is unaltered. Large quartz grains are embayed. Some titanite is present. The
matrix is composed of quartz, hematised feldspar, chloritised biotite and opaques.
Sample 2117A is a deep-red porphyry with an aphanitic groundmass. Phenocrysts seen in
hand sample are up to 3 mm in size, and include feldspar and quartz, possibly with some mafic
aggregates. In thin section the groundmass is very fine-grained and dominated by quartz, with
feldspar, botite and zircon also present. Magnetite is stable. No granophyre was seen.
Sample 2117B is dark and almost aphanitic. In thin section the rock is comprised of few larger
feldspar grains set in a matrix of very fine quartz and feldspar, but with slightly larger biotite
and anhedral titanite. Biotite is common (~5%) and partly chloritised. Magnetite is common
as very fine grains disseminated throughout the rock, and also as larger grains and aggregates.
VIII.8 GIBRALTAR GRANITE
VIII.8.1 Location & samples
Named after Gibraltar Rocks, 30 km N of Tarcoola. The pluton is elongate ENE - WSW, and
is 30 x 10 km. It is moderately magnetic, and is fairly varied in appearance. Six samples were
taken: 2113A & B (from separate boulders of the one outcrop group), 2115, 2117C (from the
same outcrop group that the Ealbara Rhyolite samples 2117A & B were taken), 2120 and
2123.
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VIII.8.2 Petrography
All samples of the Gibraltar Granite are medium-grained, pink, and equigranular. 2117C is a
bit finer-grained. K-feldspar is pink, plagioclase creamy, and quartz is often smokey.
In thin section the granites comprise quartz, perthitic K-feldspar, plagioclase, biotite, titanite,
allanite, and magnetite. Minor hematisation has occured in all samples. Sample 2123 has fine
quartz occuring throughout, almost like incipient granophrye.
VIII.9 KONKABY WEST GRANITE
VIII.9.1 Location & samples
This granite has been separated from the Cooladding Granite because the rock is medium-
grained rather than coarse-grained like the Cooladding Granite, and because the magnetic sig-
nature of the granite is blander than the Cooladding Granite. The name was taken from the
pluton's location west of the Konkaby Rockhole, and to differentiate the granite from the
Konkaby Basalt. Two samples were taken: 2125 and 2126. As an experiment, powder pro-
duced from the drilling of several holes during sampling of the granite was collected and ana-
lysed (sample 2125B). Althought there are differences in abundance particularly of the major
oxides, there is no systematic difference that might be expected from a preferential recovery
of heavy minerals. That analysis has not been shown here.
VIII.9.2 Petrography
This granite is medium-grained, equigranular, pink, contains fine-grained ferromagnesian
minerals, quartz is clear but K-feldspar and plagioclase are slightly pink and cloudy.
In thin section, K-feldspar is perthitic, and plagioclase is moderately altered. Biotite is partly
chloritised, with fluorite present in some spots. Titanite is present and is unaltered, allanite is
minor, and magnetite is the stable Fe-oxide. Zircons are large.
VIII.10 KYCHERING GRANITE
VIII.10.1 Location & samples
The Kychering pluton is named after Kychering Rocks, approximately 30 km W of Tarcoola
township near the Malbooma outstation and Siding. Some previous workers (eg. Stewart &
Foden 2001) have termed this the Malbooma Granite. Eight samples were taken of this gran-
ite: 2166 - 2173 inclusive. Sample 2167 was dated at 1574.7 ± 4.3 (Chapter 4).
Several samples of the Kychering Granite have been taken by previous studies. Analyses by
PIRSA workers date from the 1970s and 1980s, and include those taken for K-Ar and Rb-Sr
work (Webb et al. 1987). These analyses were found not to be reliable, particularly in Rb, Sr
and Ba. A more recent study by Stewart & Foden (2001) also analysed several samples, includ-
ing three for Nd-Sm isotopes (see below). The analyses have not been included here because
they largely replicate those of this study, the analysis method is unknown, not all of the REE
were analysed for, and because hand samples and thin sections are not available.
VIII.10.2 Petrography
These granites are close to haplogranite compositions, with between 74.8–78 wt% SiO . Min-
eralogy is dominated by sub-equal amounts of quartz, K-feldspar and plagioclase. Quartz in
most samples is smokey. All samples from this pluton contain primary muscovite, and only
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the less felsic rocks contain biotite. Titanite is present in only the least felsic sample 2167.
Accessories include small amounts of zircon and allanite. Fluorite is found in nearly all sam-
ples, and has evidently been mobilised into fine fractures along with hematite in several sam-
ples. Hematite is also found in all samples, as a fine dusting in K-feldspar, partly replacing
other iron oxides and ferromagnesians, as a weathering product along grain boundaries
(maybe something other than hematite, e.g. lower temperature), and in microfractures. Pol-
ished thin sections are available for only a few samples, these show that magnetite is the main
primary iron oxide mineral.
Textures include medium-grained equigranular granites, medium- to coarse-grained K-
feldspar-porphyritic granite, and medium-grained quartz - K-feldspar - phyric granite. Tex-
tures are not obviously related to composition, so are therefore related to cooling factors, e.g.
rate and/or water content.
The main outcropping mass of the Kychering Granite (closest to the Malbooma Outstation)
is remarkably unaltered, with only minor sericitisation of plagioclase cores. Elsewhere, plagio-
clase is more sericitised, as is typical of most HAG samples.
VIII.11 LAKE BARRY GRANITE
VIII.11.1 Location & samples
The name is derived from the lake to the northeast of the granite. The granite is located ~55
km NW of Tarcoola. There is little to differentiate this granite from the Lepa Granite, but the
separation is based on the slightly coarser grainsize of these samples. Three samples are
included: 2184, 2185 and 2186.
VIII.11.2 Petrography
The three samples are porphyritic, having feldspar and quartz phenocrysts up to 5 mm in size,
set in an aphanitic goundmass.
In thin section, sample 2184 has embayed quartz phenocrysts, perthitic K-feldspar pheno-
crysts, and smaller plagioclase phenocrysts. Biotite occurs both as larger grains and as fine
grains in the groundmass. Aggregates of fine biotite, quartz, apatite, titanite and magnetite
were observed. In some places magnetite was observed to have a beard of titanite. The
groundmass also contained fine-grained quartz.
Sample 2185 is very similar to 2184, but is less porphyritic, with larger plagioclase and allanite
grains. Sample 2186 is finer-grained again, and includes fragmented quartz and some fluorite
perhaps indicating greater alteration than seen in the other samples.
VIII.12 LEPA GRANITE
VIII.12.1 Location & samples
The name is derived from Lepa Point, a very small 'hill' (Figure 3.4.2). It is adjacent to the
Lake Barry Granite, and as stated above, there is little to differentiate this granite from the
Lake Barry Granite. Four samples are included: 2182A, B & C, and 2183.
VIII.12.2 Petrography
All samples have a strong red colour, but 2182A is mesocratic. All are porphytic, but 2182A is
closer to equigranular than the other samples. All are fine-grained to aphanitic.
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In thin section, 2182A is quite hematised, and contains quartz, K-feldspar, plagioclase, biotite
and magnetite. 2182B has phenocrysts of quartz, perthitic K-feldspar, plagioclase and smaller
biotite. Plagioclase is altered. Secondary muscovite is present.
Sample 2182C has fewer phenocrysts, abundant biotite, hornblende and anhedral titanite.
Sample 2183 contains quartz, K-feldspar and plagioclase phenocrysts. Some K-feldspar has
stringy granophyre rims. Biotite and muscovite are present, the biotite shows rutile exsolu-
tions. Magnetite shows hematite exsolution.
VIII.13 LYONS GRANITE
VIII.13.1 Location & samples
The name is derived from the Lyons Siding, and the sample was taken from a small outcrop
approximately 55 km west of Tarcoola. Only one sample was taken; an attempt was made to
get to other outcrops but the countryside was very unforgiving. The sample is 2174, and is a
microgranite, and is impossible to group.
VIII.13.2 Petrography
This is a fine-grained red granite composed of quartz, K-feldspar and plagioclase, with minor
muscovite.
VIII.14 PARTRIDGE GRANITE
VIII.14.1 Location & samples
Named after the Partridge Range, about 15 km NE of Tarcoola township. This granite has a
low, bland magnetic signature similar to the Brown Hill, Big Tank, Swamp and Welcome Well
Granites. Five samples were taken of this pluton: 2140, 2142, 2143, 2144 and 2145.
VIII.14.2 Petrography
Samples 2140, 2143 and 2144 are porphyritic with a fine groundmass, while sample 2142 is
also porphyritic but with a coarser-grained groundmass. The phenocrysts in 2140, 2142 and
2143 are medium-grained, but those in 2144 are coarse-grained. Sample 2145 is medium-
grained seriate to equigranular. All of the samples are red to purple in colour, and have
smokey quartz. Samples 2140 and 2143 are miarolitic.
In thin section, 2140 is fine-grained with granophyric texture, and contains quartz, K-
feldspar, plagioclase, muscovite and some biotite. It is hematised, especially around
miarolites.
Sample 2142 has strongly porphyritic plagioclase, which is sericitised. Muscovite, fluorite and
magnetite are present.
Sample 2143 is granophyric and miarolitic, and hematised. It contains quartz, plagioclase, K-
feldspar, biotite, muscovite and magnetite.
Sample 2144 contains very large perthitic K-feldspar in which the albitic exsolutions are ser-
icitised. Plagioclase is also coarse-grained, and is strongly sericitised with some of the grains
large enough to qualify as muscovite. In addition, muscovite is a primary mineral, along with
biotite and magnetite. Fluorite is secondary, as is fine hematite.
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Sample 2145 is coarse-grained, comprised of quartz, K-feldspar, altered plagioclase, primary
muscovite, and strongly altered biotite. Fluorite is secondary, as is fine hematite.
VIII.15 PEGLER GRANITE
VIII.15.1 Location & samples
The name is derived from the Pegler Bore, although this is outside the bounds of the pluton.
The pluton occurs within an area dominated by the Muckanippie Anorthosite, and is located
approximately 65 km NW of Tarcoola. On an aeromagnetic image, it shows as an elliptical
pluton with strongly magnetic rim and less-magnetic core (Figure 6.1). The four samples
(2191, 2192A & B, 2193) occur as part of the magnetic rim. They have higher magnetic sus-
ceptibilities than many of the other granites sampled.
VIII.15.2 Petrography
All samples are fine- to medium-grained and porphyritic, and grey with pink feldspar. 2191
has abundant fine ferromags and fine grey quartz. 2192A is very fine-grained, while 2192B is
fine-grained with porphyritic feldspar. 2193 is medium-grained, equigranular to seriate with
larger feldspar.
In thin section, 2191 has coarse perthitic K-feldspar, with a rim of more K-feldspar showing a
second growth phase, and inclusions of other minerals including plagioclase and biotite. Pla-
gioclase is euhedral, zoned, and slightly sericitised. Biotite, hornblende and titanite and mag-
netite are all still quite fresh but with some fluorite after biotite. Zircon and allanite are acces-
sory phases.
2192A is fine-grained and equigranular. Lathlike plagioclase has an alignment, thought to be
magmatic. K-feldspar is slightly larger than plagioclase, and has tartan twinning but is not
perthitic. Quartz, biotite, titanite and magnetite are also present.
2192B has phenocrysts of plagioclase and K-feldspar, abundant fine biotite, some euhedral
titanite, and hornblende.
2193 has porphyritic perthitic K-feldspar and zoned plagioclase, quartz and euhedral biotite
and titanite.
VIII.16 PINDING GRANITE
VIII.16.1 Location & samples
The Pinding Pluton is named after Pinding Rocks, located approximately 10 km WSW of Tar-
coola township. The pluton shows as a very distinct circular low-mag feature (Figure 6.1),
possibly with a moderately-magnetised rim. The low magnetic signature is probably due to the
low total iron content of the granites; magnetite is present in sample 2001 but it is rare. Meas-
ured magnetic susceptibilities are very low. It is impossible to position the boundary between
the eastern part of the pluton and the Tarcoola Formation basin. Pinding Rocks occurs out-
side the obvious circular feature of the mag low, but the mapped outcrop extends into the
low. Drilling to as deep as 95 m shows Cainozoic cover rocks (particularly Pidinga Formation)
within the mag feature, and it is possible that the granites occur as very thin sheets and thus
have little influence on the overall magnetitic signature.
Only one sample was collected by this study. 2001 occurs as a dyke about 1m wide crosscut-
ting coarse pink equigranular monzogranite. Further samples were not taken because it was
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possible that the area was culturally sensitive. Other samples were taken by Stewart & Foden
(2001) (not shown here), but they allow the one sample of this study to be put into context to
confirm that although it is a dyke, is represents a felsic fractionated part of the pluton.
VIII.16.2 Petrography
2000363001 occurs as a dyke about 1m wide crosscutting coarse pink equigranular granite,
and contains approximately 30% phenocrysts up to 10 mm size. These consist of euhedral
quartz, slightly embayed euhedral quartz, partly graphic quartz, euhedral simply twinned
microcline, euhedral complex plagioclase aggregates, and euhedral to subhedral biotite.
Graphic texture is well developed where quartz and feldspar phenocrysts adjoin, and as rim-
ming on some microcline phenocrysts. The groundmass consists of small quartz grains, fine
graphic intergrowths of quartz and feldspar, fine subhedral biotite and chlorite, and spheru-
lites after devitrification of glass. Fine magnetite occurs disseminated throughout the rock
and in places it contains exsolutions of hematite. Very rare chalcopyrite occurs associated
with biotite. The texture of this rock is indicative of rapid cooling.
VIII.17 RAINBOW GRANITE
VIII.17.1 Location & samples
The name is derived from timing rather than any nearby geographic feature: it happened to be
raining at the time the samples were taken, resulting in a well-formed double rainbow. The
map of Daly (1985) (see Figure 3.4.2) shows this outcrop to be 'Kimban Orogeny' granite, and
the poor outcrop is strongly deformed and shows possible mafic segregations or mafic
magma mingling. It was not possible to sample the mafic segregations. Three samples were
taken: 2152A, B & C.
VIII.17.2 Petrography
Sample 2152A is a fine- to medium-grained grey granite with pink and white feldspars. 2152B
is a coarse-grained granite with pink K-feldspar and zoned plagioclase. 2152C is a fine-grained
red granite that occurs as a dyke phase, and is possibly a pegmatite sweat.
In thin section, 2152A has sutured grain boundaries, indicative of deformation. Quartz is
coarse and is embayed. Biotite is variably altered, and plagioclase is sericitised. Magnetite is the
stable Fe-oxide, and calcite is an alteration mineral.
2152B also has sutured grain boundaries. Plagioclase is strongly sericitised. Biotite and titanite
are altered, but magnetite is stable. Zircon is present.
2152C also has sutured grain boundaries, and some appear to be granophyric. This is probably
a metamorphic texture, as granophyre would presumably be readily recrystallised during
deformation. Biotite is strongly altered, and plagioclase is sericitised.
VIII.18 SOUTH MIR GRANITE
VIII.18.1 Location & samples
The Mir prospect (Gravity Capital Ltd) occurs as a small but distinct aeromagnetic high
approximately 4 km north of the margin of the Pinding Rocks magnetic feature, 27 km WNW
of Tarcoola. One sample (2101) was taken from drilling into the south of this anomaly.
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VIII.18.2 Petrography
This is a medium-grained subhedral granular hornblende - biotite - titanite ± chalcopyrite
granodiorite. Compared to most Hiltaba granites, it is unusual for a number of reasons.
Firstly, plagioclase is significantly more dominant than quartz and K-feldspar. Secondly, the
ferromagnesian minerals are more abundant, especially titanite. Thirdly, opaque minerals
(magnetite, pyrite & chalcopyrite) are more common than normal. Because of its mineralogy,
in hand sample the rock looks different to the usual Hiltaba granites; it is greenish-white with
some patches of pink (K-feldspar), and because of the high ferromagnesian content, it is
mesocratic rather than leuococratic.
The granodiorite is slightly deformed; some fractures are apparent and quartz and K-feldspar
show deformation, but other minerals like biotite do not. Alteration is patchy, with some pla-
gioclase well sericitised (which appears green in hand sample), and some chlorite - epidote ±
carbonate alteration of hornblende, biotite and titanite. The opaques do not appear to be
altered.
VIII.19 SOYUZ GRANITE
VIII.19.1 Location & samples
Sample 2103 is from outcrop in the area of the Soyuz prospect of Gravity Capital Ltd, hence
the name. It is located 35 km WNW of Tarcoola.
VIII.19.2 Petrography
The granite is pink, porphyritic with plagioclase and rimmed K-feldspar phenocrysts, and
smokey quartz. The groundmass is fine-grained. In thin section, the mineral grains are anhe-
dral. K-feldspar is perthitic. Other minerals present include plagioclase, quartz, biotite with
rutile exsolutions, hornblende, euhedral titanite, magnetite, zircon, allanite and apatite, and
secondary epidote.
VIII.20 SWAMP GRANITE
VIII.20.1 Location & samples
As discussed in the description of the Big Tank Granite, the Brown Hill, Big Tank, Welcome
Well and Swamp Granites all have low, bland magnetic signatures and similar chemistries.
They are differentiated by hand sample appearance. Three samples were taken of the Swamp
Granite: 2135, 2136 and 2137. They are medium-grained and mostly grey in colour, whereas
the neighbouring Big Tank Granite is fine-grained and red. The name is derived from the
nearby Peela Swamp.
VIII.20.2 Petrography
The Swamp Granite is medium-grained, with a K-feldspar porphyritic to seriate texture. It is
grey to dark red in colour. Quartz is smokey. Rimming is evident in feldspar in sample 2135,
and in thin section this can be seen to be due to a phase of granophyre development during
the growth of the feldspar.
In thin section 2137 does not show deformation but quartz boundaries show some recrystalli-
sation. Hornblende and biotite are partly chloritised or replaced. Magnetite and fluorite are
some of the breakdown products of the ferromagnesians.
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Granophyre is present throughout sample 2135. Biotite and hornblende are chloritised. The
rock is hematised, but magnetite is stable and some is probably primary. Some quartz is phe-
nocrystic. Allanite is common.
Sample 2136 is a fine-grained granite with an equigranular anhedral texture. It is comprised of
feldspar, quartz, common biotite and trace fluorite. It is hematised but has only minor
sericitisation.
VIII.21 THE TWINS GRANITE
VIII.21.1 Location & samples
The Twins is an isolated outcrop with a low magnetic signature, approximately 60 km NNW
of Tarcoola. Only one sample was taken, 2194.
VIII.21.2 Petrography
Sample 2194 is a fine-grained equigranular red granite, consisting of K-feldspar, plagioclase,
quartz, biotite, chlorite, epidote and fluorite. Plagioclase is strongly hematised, and quartz is
partly embayed.
VIII.22 WELCOME WELL GRANITE
VIII.22.1 Location & samples
The name is derived from the Welcome Well, just to the south of the pluton. The pluton cov-
ers a large area, but with little outcrop, and is located to the north of the Wilgena homestead.
Eight samples have been assigned to this granite, and show a range of textures and composi-
tions (see below). They are: 2139, 2146B, 2147, 2148, 2149A & B, 2150A & B, and possibly
2146A.
VIII.22.2 Petrography
The Welcome Well samples show a range of compositions and textures, from coarse-grained
to nearly aphanitic, to moderately feldspar porphyritic.
Sample 2139 is a fine-grained red porphyritic granite with perthitic K-feldspar phenocrysts to
1.5 cm in a fine-grained matrix. Quartz is smokey. Feldspar often has a granophyric margin.
Fine-grained biotite and hornblende are common (>5%) and are altered to chlorite and fluo-
rite possibly with secondary magnetite. Porphyritic plagioclase is strongly altered, and the
rock shows some hematisation and weak deformation.
Sample 2146A may not be part of this pluton, as it is intermediate in composition. It is mela-
nocratic, and very fine-grained with feldspar and ferromagnesian grains visible in hand sam-
ple. In thin section, feldspar forms fine laths, which are aligned giving a trachytic texture. Phe-
nocrysts of both K-feldspar and plagioclase occur, the plagioclase being strongly altered.
Quartz is present, biotite is strongly chloritised and epidotised, and apatite is common.
Sample 2146B is a red sparse porphyry with aphanitic groundmass and fine to medium quartz
and feldspar phenocrysts. In thin section, the groundmass is formed by fine granophyre. Pla-
gioclase phenocrysts are strongly altered, K-feldspar phenocrysts not so altered. Rare biotite
is chloritised. The rock is very strongly hematised.
Sample 2147 is feldspar and quartz porphyritic with a fine-grained groundmass, and clots of
mafic minerals. It has a purplish colour. In thin section, K-feldspar phenocrysts have grano-
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phyric margins, as do strained quartz phenocrysts. Plagioclase phenocrysts are moderately
sericitised, while biotite and titanite are fresh, apatite is common, zircon shows strong halos,
trace allanite is present, and magnetite is the stable Fe-oxide.
Sample 2148 is a fine-grained equigranular to seriate granite with some larger quartz grains,
and it has a slight pink colour. In thin section it comprises quartz, K-feldspar, plagioclase, bio-
tite, magnetite and allanite. It has a slight granophyric texture. Plagioclase is moderately serici-
tised and slightly hematised. Biotite is slightly chloritised.
Sample 2149A is a coarse-grained equigranular to seriate pink granite. Feldspars are whiteish
with hematite visible in fractures. Quartz is clouded. In thin section K-feldspar is perthitic and
slightly deformed. Plagioclase is slightly to moderately sericitised. Quartz is deformed. Biotite
is altered, and this alteration has produced fluorite as a common alteration product. Titanite is
unaltered, zircon is abundant, and magnetite shows exsolution lamellae of hematite.
Sample 2149B is a pink fine-grained equigranular granite. In thin section it shows some grano-
phyric texture. It is composed of quartz, feldspar, biotite, fluorite as a replacement of biotite
and as an interstitial mineral (and therefore probably primary), chorite after biotite, and mag-
netite. The rock is hematite-dusted.
Sample 2150A is a dark brown fine- to medium-grained quartz-feldspar porphyry with an
aphanitic groundmass. In thin section, the rock comprises phenocrysts of quartz, K-feldspar
and plagioclase, with a groundmass with well-developed fine granophyre. Biotite is mostly
very fine and ragged and strongly chloritised. Rare clots of biotite + zircon + magnetite +
fluorite are present.
Sample 2150B is a melanocratic fine-grained porphyry. In thin section it comprises pheno-
crysts of altered plagioclase, some small phenocrysts of K-feldspar, some grains of altered
titanite, and rare clots of chloritised biotite + magnetite + apatite. The groundmass includes
fine laths of K-feldspar and abundant fine chlorite. Magnetite and apatite also occur as indi-
vidual grains throughout the rock, not just in the biotite clots.
VIII.23 SYMONS SUITE
VIII.23.1 Location & samples
The map of Daly (1985) shows numerous outcrops of intrusives assigned to the 'Kimban
Orogeny' which was a bucket term and applied to Palaeoproterozoic events mostly occurring
on the southern Eyre Peninsular. The collection of granites was termed the Lincoln Complex,
and ranged in age from 1850 Ma to ~1670 Ma. Daly (1985) assigned the foliated granites near
the Mulgathing Homestead to the Symons Granite (Figure 3.4.2). Fanning (1997) dated this
granite at 1684 ± 10 Ma by the SHRIMP method. Teasdale (1997) dated a sample from Wyn-
bring Rocks (90 km W of Tarcoola, not on the Tarcoola 1:250 000 mapsheet) at 1691 ± 10
Ma, also by SHRIMP. Unfortunately, no chemistry is available for the Wynbring Rocks.
Because of the similarity in age for the two widely separated 'Kimban Orogeny' granites, all of
the granites thus divided by Daly (1985) are considered as components of the Symons Suite.
Only two samples of the Symons Granite were collected by this study: 2161 was collected
from an old blast site, presumed to be that of Fanning (1997), and 2162, 25 km to the west.
VIII.23.2 Petrography
Sample 2161 is a strongly foliated medium grained pink & black gneissic granite, and sample
2162 is a foliated fine- to medium-grained mesocratic pink granite.
   
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In thin section, sample 2161 K-feldspar is fractured but primary with some regrowth on mar-
gins, plagioclase also fractured but primary although moderately sericitised, and quartz totally
recrystallised with grain size diminunition. Other mineralogy includes biotite, titanite, mag-
netite, zircon, allanite, epidote, and chlorite. Generally these minerals are arranged in
lineations.
Sample 2162 is strongly recrystallised with grain size reduction of quartz. The mineralogy con-
sists of quartz, K-feldspar, plagioclase, biotite, muscovite, and magnetite.
VIII.24 MUCKANIPPIE ANORTHOSITE SUITE
VIII.24.1 Location & samples
This is an extensive body on the 1:250 000 Tarcoola mapsheet, with little outcrop. It is host to
the Malbooma Gold Mine, where it is intruded by several dykes of Hiltaba Suite granite. The
polygon I have drawn (Figure 6.1) is dominated by a zoned circular feature in the north. Other
parts of the body have uneven magnetic signatures. The zoned circular feature is interpreted
to be a layered mafic intrusive, and it (and other parts of the body) has been cut by a northeast
trending fault.
Hoatson et al. (2002) on a preliminary special mapsheet of the Lake Harris Greenstone Belt to
the south of Tarcoola, showed another body assigned to the Muckanippie Anorthosite Suite,
and suggested an intrusive age of ~1630 Ma (but with no information on the basis for this
age).
The PIRSA GIS database drilling shows that the body sampled by this project to the north of
Tarcoola, is made up of anorthosite, gabbro, quartz diorite, quartz monzonite, and minor
granite. Drilling at the Malbooma Gold Mine has simply been logged as diorite: all of the drill-
ing here is less than 35 m deep.
It is apparent from the descriptions versus location of drillholes, that different geologists have
logged the drilling, so that a north-south fence of holes across the circular feature is predomi-
nantly logged as gabbro, whereas an east-west fence of holes south of the Malbooma Gold
Mine is predominantly logged as anorthosite.
Six samples have been taken from two localities: 2163, 2164, 2165, 2189, 2190A & B. These
samples show a range of compositions and textures, and some show considerable alteration
which makes geochemical interpretation difficult. There is no known age data for this north-
ern occurrence of the Muckanippie Anorthosite Suite.
VIII.24.2 Petrography
Three of the samples are of coarse-grained rocks interpreted as cumulates, the other three are
fine-grained. Five of the samples have no modal quartz: 2164 is a fine-grained gabbro and is
the only sample to have modal quartz. The coarser-grained samples are dominantly com-
prised of plagioclase, with a 2V of <20°, indicating oligoclase composition. Two of the cumu-
late samples 2189 and 2163 have approximately 90% plagioclase and are therefore classified
as anorthosites (Le Maitre et al. 1989). Sample 2165 is classified as a troctolite, while the
remaining samples are classified as gabbros, given that quartz <5 %, plagioclase ~60%, and
An<50. 2194 contains quartz (also CIPW-normative quartz), and is therefore a quartz
monzodiorite.
Sample 2163 is medium-grained, melanocratic, equigranular, and has some minor pyrite,
phyrrhotite and chalcopyrite. In thin section, it is almost monomineralic plagioclase, with
   
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Figure AVIII.1. Crossed-polar photomicrograph of troctolite sample 2165. A: shows coarse-grained pla-
gioclase with intercumulus olivine, pyroxene and ilmenite. B: shows reaction corona between olivine and
plagioclase extending to the neighbouring ilmenite-plagioclase interface. CPX = clinpyroxene, ILM =
ilmenite, OL = olivine, PL = plagioclase.
minor olivine and pyroxene. Large grains of Fe-Ti oxide occur, being dominated by magnetite
with lesser ilmenite.
Sample 2164 is a a melanocratic fine-grained equigranular gabbro. In thin section it contains
plagioclase, K-feldspar, quartz, biotite, calcite, magnetite with exsolutions (possibly of hema-
tite, i.e. "martite"), and rare pyrite. Plagioclase is sericitised.
Sample 2165 is very dark and medium-grained. Rare pyrite is visible in hand sample. In thin
section it is dominated by beautiful twinned plagioclase, interstitial rounded olivine and clino-
pyroxene (Figure AVIII.1A). The composition of <90% plagioclase, olivine and <10%
pyroxene means the rock is classified as a troctolite (Le Maitre et al. 1989) or as a relatively
evolved leucotroctolite (Scoates & Mitchell, 2000). Olivines have bearded reaction rims or
coronas (Figure AVIII.1B). Trudu & Hoatson (2000) documented that such coronas in troc-
tolite intrusions in the East Kimberley, Western Australia, were composed of symplectic
intergrowths of Ca-amphibole and spinel. Both olivine and pyroxene formed late in the crys-
tallisation sequence, and pyroxene is poikilitic. Ilmenite and magnetite are also late crystallis-
ing phases. Ilmenite is dominant, and shows triple point boundaries in places, indicating
annealing during cooling (Figure AVIII.2A). It encloses earlier-formed magnetite in places
(Figure AVIII.2B). Magnetite also fills cracks in olivine. Rare biotite (including rutile exsolu-
tions) occurs around Fe-Ti oxides. Rare sulfide is seen, comprising pyrite with minor
chalcopyrite.
Sample 2189 is a very dark, medium- to coarse-grained anorthosite. Olivine and orthopyrox-
ene have been altered to epidote, chlorite and biotite, and calcite is present. Ilmenite is stable
and has triple point boundaries, and pyrite is rare.
Sample 2190A is a green, fine-grained basaltic dyke. In thin section, it is quartz-poor or
absent, has phenocrysts of plagioclase and laths of K-feldspar in the groundmass. It is
strongly altered, with secondary epidote, chlorite, clinopyroxene, alteration of magnetite, and
some pyrite present.
Sample 2190B is dark green, medium-grained and slightly phenocrystic. It is also strongly
altered, with plagioclase phenocrysts sericitised, and abundant chlorite and epidote. Magnetite
is mostly altered, replaced by titanite.
   
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Figure AVIII.2. Reflected light photomicrographs of Fe-Ti oxides in troctolite sample 2165. A: shows tri-
ple point boundaries in ilmenite thought to indicate annealing during cooling after emplacement. Magnet-
ite is partly resorbed. B: early magnetite enveloped by ilmenite. Secondary Fe-Ti oxide can be seen in
olivine. ILM = ilmenite, OL = olivine, MGT = magnetite, PL = plagioclase.
VIII.24.3 Muckanippie Summary
The Muckanippie Anorthosite is distinct in the Tarcoola region, but little information is avail-
able about it. Specifically, there is no age data, nor any isotopic data. It is probable that the
Anorthosite predates the Hiltaba Suite, as it is intruded by the ~1590 Ma Pegler Granite.
There is insufficient exposure to determine the relative timing and relationships of the two
phases of the complex identified here. Classification using the Frost et al. (2001) scheme
shows that the complex is dominantly magnesian calcic metaluminous, which commonly
encompasses diorites in the outboard portions of Cordilleran batholiths or in island arcs, or
even (seafloor) plagiogranites. Without isotopic data, no further constraints can reasonably be
placed on the origin of this complex. Speculative origins consistent with the geochemical
information include: mafic plutonism along an incipient spreading centre or intracontinental
rift (the pluton occurs on the major Coorabie Fault Zone: Fraser et al. (2002)); preserved
obducted ophiolite and fractionated diorites along a convergent zone; or cumulative mafic
end-member or mantle component of the Hiltaba Association. Numerous dioritic bodies
have been dated from elsewhere in the Gawler Craton as being of Hiltaba age, including the
Lady Jane Diorite (this study), the Curramulka Gabbronorite in the Yorke Peninsula (1583
Ma Zang et al. 2002), gabbro in the Inkster IR2 drillhole in the Fowler orogenic belt in the
western part of the Craton (1589 ± 293 Sm-Nd mineral isochron, Stewart 1994), and leuco-
gabbro in the Mount Woods Inlier (1586.8 ± 4.1, Jagodzinski 2005). Three previous studies
on the origin of the GRHVP have invoked varying degrees of mafic underplating (Giles 1988,
Creaser 1995, Creaser 1996) or more direct input via AFC processes (Stewart 1994).
   
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Appendix IX
Atlas of the Gawler Range – Hiltaba
Volcano – Plutonic Association
   
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A
B
E
GC
F
D H
Figure AIX.1. Geochemical template for the ‘type’ granites used to subdivide the GRHVP. Fields in A &
B from Frost et al. (2001); D from Eby (1990). See Chapter 7 for discussion.
Table AIX.1 (following pages). Classification of all units of the GRHVP following the above scheme,
into four supersuites. Fe* & MALI after Frost et al. (2001), Eby = Ga/Al vs HFSE (Eby 1990), Alk =
Al/(Na+K), k = K/K+Na.
   


    	
 







	





	


	




	












 


 













 



!


"
#

$


 


%


 

 

 


 


 


 
&



 



 
'


 



 

	


 






%





 (

 
)
*

 
!


 



 
+




 
 




$





%




 
k
 





	







	






























	










	


 




	
	
!
	

	

"
"


!

"







	
"



	

	
	



	


!



	
"
!
	



!

 




#


$
%

&

!














 












	
'




 

"



 
	

	
"



	
!
"
!
!
	
"
 
"


	





!
	
 

!




!


!


"
	



	
	

!
!

	
 

	
!
!





#

(


$














 













	




 

!




!


 

 

	


	
"
!

	
	

 

!
!







 
	

!

 
!
!

!



	



 

 
!
	

!


"






"
)















!








*















	





	
 










!

 
 
!




	

	


!



	
	
!
"
!





!

"
	


"
!
	


!


!

 
"
 

!

"



	
)

&
&


+












"


























!

"
	




!




!

	






!
!


 




"

!
!



!


"
	



"


!

 




	




	
	





)







 







	











*













	





	
 








 
 

 

	
!
	
	






 
"


	
	

"





!


	



	

!
!

"
"
!

!
	
 




 



"
)
+

$




















 














	




!
	






!
"

!

	


	




 


	






	

 

"



!
"

	
!


	
!
!
!

"

!


!
	


!
"
 



!



(











 
























	







 

 
	



 


	
	

	
	
"
 



"
"
	

	
!



	

	
!

!


!

 
	



	

"
!
 
"

!
	

	


	
!

!
"


 
%


$


(
"



























!

	



 








	
	

	

 

	





"




!

"

	

	


	


!



	



"


	
 



!




!
%
$



	
















 












	


	

 

"

 

"




	


!
"
!
	
"

!
	



	
"


"

!


!



!


	



	






!
	

!
	
"
	
!
	
"
	



,




	
	







!








-












	




 

!
 





 


"
"



	
 



	
!
"

 



 
	





 

!
 
	

"
	

"

	


!


 
!


	


	







,
+


$


	
!








	























	



	









	




	

!
	

"
	
	
!




 
 
 


	


	


	


	


	


"
	
	

!


 
	
"
 
!

	

!

	



	
.




	








	

"
	














 












!




 

"




	

 
	



	
"

	

	



	

!

 



"
	
!



!


!
	

	
"


!






!
	

!


!
!


 



.






(
	


















-












	
'



!


!









	
!


 
	
"

"




"
	






	
	

"



!


	


 
	

	
	
"


!


	

	

!
!
"



	
.





	














*

 













	



	
	
 
"
"
!


!
!

	


"




	




	

 
	

"
!


!



	


!
!

	


	

 
	
	
"
!

	
!

!

 
	
!
 
"


!



 
.







	
 











*














	
	

 
 
	

 
 
	




"
!


"
	
!
 
"
	
!
"

!
"
 


 

!
"

!
"
	

	
	

	
!


	

	
!


"
!

	

	



	





/





	






























	





!
!




	


	

	

	

	
	

 





!
	





	

"
!
	

!

	


"



!
	
 


	
"

!


 


	



	
/
+


	
















*














	










"

 



 
	
 

!


"

!

 



 
 

 
 


	

	
"



!


	


	
!
!
"
	



	






0
1
-/
	
"














 











	


	
 
!
"

 
!
"



!




 

	



	


"







!

	


	



	


!
	
!

	



"


	
"

!



!






0

$
+
2
!















 














	



	














	

	
!




 







 
!


!




	


!
!


	
 
 

	
 

!
!

!
!
	
 
!
!
	
 



3

+

!
	







	
	
"






















	
'!
'




 

	
	


	


"
 



	


	



	

	


!

	



"

 
!
	
	
"


	


!
	
 

	

"



!
!

	
	

"

!
 
"
	



#




4



(

!
!
1






	


"











 





















"




"

!






 
!


 
 


	



"
!
	




	
!


!
!


!
	
 

!





"
!

!
	

	

!

	
"



#



!

1







!








 















	











!

 
	

	


!


"







"

!
	

!
	



 

	


"
!
!
!



!
!
!

	
	
"

	
	
"




#



5

!

1













*

 



















 











 

!








	
 


"

!

 



!

 




	





	

	


!
 


"

	

 
	



)
+
(



!

1






	











 














!

 

"


!



 
	
!






!





	
"



	
 

	

	
	


!


	



!
	



"


 
"

!
	

 
 
!
	





	
-
4


!
 
1






!

	







 















	

 

"

 

"


!

!



!
!

 
	
 

 

"
!
"



!


!


 

!


	
"
	
"
	

"




!

 
	

 

	

 




-

!

1















-
















 





!


!


	
 
!


!


	




	





 
	
"
 
!
"

 

	


	
 


!
	

!
"


!


	

!
!
	

"




6


4


$
3


(
!

1














 




















"
"





 


!


"
	

	



 
"

"
"
!




	



"
	





	
"


!
!
 


 

!
!
!
	


"
	


"



6
$






!
"
1






	







	
 








*
















'



!






"



"



	


!

	

 
 


	

	




"
	




 




	



!


!



!

"
	


	
	


	



1
(







1








!






















'


 







!


"


!
	
!




!

	


 
!



	
	


!


	

	


!
!

	
!


!

"
!

	

!





	


"


!
.

(





	
1






	














*























"



!





	


 




!
"

 

!
	

"

	

 
"


	

 




	


 
!


!


	
!




"
	

	



 
.






!
1







 








*















	



"


"
"


"
	









!

!

	




 
	



	
 




"

 
!

"
"
	



!
 

!
	


!



	
	
!

	




.






1



















*

 













!
'




!
"



"






!



!
"
	

!


 

"
"



	
 

	

"
	
!

 
!

 
	


!
!


!
"


!
 

"


!

	




.

4








1














*















	
	

 



 






 




	



!



!


"


!



!



!


	



	

	
!


 
!


!
!

 
!
!

 



0



&


1















 




















	
	


	


"
!


"

 





!
"
!





"

	




 
	

!





	
"



	
 



	
!





	





 








 
1













 

















	

 



 



 



!

 

!
	



 

	
"


"
 
	
	
	

	
	
	

	





	





!

!

!

"
	
	

"

	

"




3





1






	









*



















!


!



!






!



!
"


	


"



	


"
"



	
	
	


 

"


!
"

	

 
 



	
!

!
	
!




!
3





3




1















 













 





 






!




 

	

"
!
!
"
 

	


	






!
"


 
	
	

	



!


"
!

"




!

!
	

"
"
!


 


"
 






$

"
/

7

$


 








 












	






!


!



 
!

	

	


!
	

 
"
 


	


!



	

!
	
"
	


!




!

	



	

 
!


!


!
!






#


$
/

$

(



/

7

$

	









 














!


 
	




!



	

 

	



	

	
"


!
!


"
	
	



	
"


 

!


	



!




 

!
	

!


!
!
	

	



#
+


+

8


(


	
/

7

$

	
"





 












	
	

 





"


 
"



	

!
	


	
	






	



 





!
!

	




!

	





	
!


!
!
	
!
!





"
)






!
/

7

$
	
"





 













	
'!


 
 
 

 


"



	

"

	


	
 


"
	


	

!



!
	

!





!
	





	
 
"
 
 

	
!


!

	
	


	




)








4

8





/

7

$

 









 











	

 


!
 
"




"



!
	
"
	

	

	

!


!
	
"









!


!



 


	




	

!


!
!


!
 
"
!



   
  	 
 
 







	





	


	




	












 


 













 



!


"
#

$


 


%


 

 

 


 


 


 
&



 



 
'


 



 

	


 






%





 (

 
)
*

 
!


 



 
+




 
 




$





%




 
k
)





(



/

7

$
	















 













'


!
	
 


 


"







	
	


 


 


 
	

 





"
!
	



	

 

	

	
"


!

"




!


	

	

	

 
"



)




8


(



/

7

$
	

"


	

!








 












	
 
 
	

!
 
 



	
!

"
!
!
"
 
	


!
	

!

!

!

 







 

!

	


!
 


	





!
!


!


	
!
 
!
!


	
9




/

$

(


 
/

7

$
	


"

	
 
!









 

























!



"






!
	

"
!
	
!
	

"
"


"
 
 

!





!






!

!
 



!
"

	
!


!

"



 
-




/

7

$






 













	



	
 
 
!

 
 
!


"
!

	
 
	
"

	
!


	


"


	




	


"


"
	

	



"
 
 
	

!
 
	
!
!
!

"

!



!





1










8





/

7

$


!





 












	
	



	
"

"

 


"



!
	
"
	


	
!


"


!

	






	
	
"
!

	
 


 


	



	
	
 
!

 
!
	
!


!
	




,





/

$




(


"
/

7

$


!








 













!
'
!

	



	
"
	

 



 
	


!



	

"


	
!
	



"
!








"


	


!







	

	
"

 
!







$

&

8




/

7

$
	

"
!
	










 













	
'!
'







 

 





!
	


!

!

"



	
!










 

	



!
!


!

!
 
!
 
	
"

!

	



!
"
	
!


	

&


*




	
/

7

$





 













!



	
"





!
!
	

 


 

	
"

	

	
 



"
!

!





"

	


	




 


 
!
!


 
	


!


	
 
	

!






.




!
/

7

$
	







 














	
'






	


!

"
 

!

 
!

 

	





	

	

!




	
"

!

!


 






	

	

!
!

!
 

	
"


 

!




.

(

+





/

7

$






 












	




 
	
 

 




 
	



!

	
	
	


!






	
	


"


!

 

!

	


 
!

"
	

 



	
!
!
!






	



	
/

(





/

7

$






 

















 


"
 
"

	

"


 


"

!
!
 


!
 


"
"


!
!


!

 
	


 



	
	
 


"


 
 
!


	
 
	

	

"




:


4


/

7

$






 














 
"
"






"




	

	
!





	


	



"
 
 

	
	

!
!






	

 

!

 
!


!


	
 

!
	
"
 
!



3





$
8


(


 
/

7

$
	

"
	



"
 







 












!
 
"
 

 
"
"
 

	



"
	
"
 
!
	
 

	
!
"


	





 
	
!

	
!
 
 






 

	
"

 
!


!

"
	
"


	
"

 



3



&



/

$

(



/

7

$
	
"










 










!
"

!

"




 
!

!
!


!
!
!
	


	

 

	










!

!








!
	




	
!


!
!


!

 


 
 
3

$



8


(



/

7

$



















	


"


 

 


!
"



!
"

	
!


!
 















	

"


	






!

	



 



 
3
+





"
/

7

$
	
 











 












	
'


	
 

!




"
	

 
"
!
"


"

!


"




"
!
 


 
!




!

	



!


	
!
	
	


"
	
!


	

"

!
	
 



 
;





4

/

$

(

 

/

7

$



















	
	

!



!






 

	


!

"

"



!





 






!

"

	
"





!
	


!
	





;


(

8


(

 
	
/

7

$
!

	






 













	
'!
	

 

!


!

!




!
	


"
	


!
	
"

"

	

"
 



!
	
	



 

!




 

	
"

 


!
	


!
	









;




8


(

 
!
/

7

$
	

"
!



!









 












 

"
 





!
 


"


!

	
"

!

	

	
!
"


	
 





	
!
"
!


 
!
!



	
 

!

!
 




"

	




	
 
	



 
(

+
(


 

:


+

	


!





 








*



















	
 

 



"



 



!

 
!
!
"






"





	







	



 

"
!
"

	
!

	
	
	
"

	





 
#

(

 

:


+


 










 












	





!


 



	


	
!


	
	

"

	

 

"
"
 


"
!
	



 

"



 

!


	
 

 
	


!

"
!
	
	
	

!

 


!
#
(
(

/

$

(

 

:


+

!










 












	
'!
'












!
"


 
 
!
!
!

 
"


"





 
"
	
	


	
 








!


 

 

!


	

	
 
!
"





#
+

4




 
 
:


+

 









*

 


















	



 


!


!
!





!

	
	
"

!



"
	
	

	




"
	

!
 
"

	



!

 






	
	



	

"
	


!
#
+
&


 

:


+



 








 










	
'


	

 













	
	



"
	

"

!
	





!

 






"


!

	




	






	




!






)


&
&


 

:


+








 
















	


!
!


!
!

!

!
"


 
 

 

 
	

	


	
	



	
	

!
	
	

!
"




	



!



!





	
	

 
	
	

 



)




 
"
:


+

!
"







 













'


	








"







 

!

"
 

"
!

 



"
	
	
	






	
	


!
"
!



!

"


 

!

 
	
	


	
"
 
!



9
+




/

$

(



:


+










 













!
'


 
"
	


 
	


 




	

 
!

"

	
	





!

"


	
 

 
"




!

 


!

!


 




	
 
!
 
!

"




5
(




	
:


+

	


	

	
 
!










 
















"



	



"


!
!
"
!


!

!
	

	
"

	
!

	

"
	
	
!
!
"
!
	


"
	



	
"
 
	
!
	
!


"

!


	
!

"
	


	



6

4

(


!
:


+


!
	








 














'


	



	
	


!


!

!
 
"




	

"





	


"
!
	


"
!

 





 
!
	


!






!


	


	
	
"
	
 



6





4



:


+

	














 











!
'


!
!
 
	





 

	




	




!

 
	
	

	


!



	
 





	

!



!
"


!

"




!
"


	
"

	





1


&



:


+



"







 














!
'


	


	





 


 

"



!
!
!















	





	
"
"
!


 
!




!
	
!

"
	

	








.



$
/

$

(



:


+


	










 














 

!

	

 

!
 


	
"


!


!

!
	
	

"


!







	



 





!

!
!
 





!


	
 


	

 




.




 
:


+










*

 














'



"

!

!

 
"
 

"
"





	


	


 

	

 
"


!
 
!
	
	
!





!
 
	



	

"
!
 


!
 

	
	
!

	





"


4




:


+

	







"









*

 











'

 
"
!




	

	
"


 




	
"



	

	

!




!











	
	




 

!


	
!
"

 


	







$






:


+

	




	
	
	
	
 







 
















!
!

!
"



!


!



"


	

!
"
"
!

	



"



	
	

	
 
 
	

 




!
"
"

!
"
	


	


	




	
 





3

+
4




"
:


+











 
















 
 
"

!





	




	


!


"
	

"


	






!

	


 

!




 
!
!
!


 
	

"



	



!

	
 



;






/

$







:


+








 













!

	



	






!

	


!
!
"

	
	

"

	

 




	
 

	

	
 





!
	

!


 






	
"


!





!
#





 

	




















	


!

"


 


"

	





	
 
!

	

"
"

	

!
 

"

	

!
	




	
 

	


!
 
 






 
"
#





#

!



















	
 
 
"
"




!

"







	



	
!
!
 












"



	

!
	


!



!


!


"
)

























!
!
 
 
 

 



 

 


 



	



	









"
	






!
 

!
"

	

!

 



9



#
























!






"

!

 
	
!




!
	



	
!
	


	
 
	


"
	
	


	
"



	





!
!
"

!

!
!

 

.


(
/

$




(



	

"






<


*

<


<









!
'






 

	
	
!


 

	

!
 



!

	
	

	


 






 

	
	


!


"
!

!




!


	

 

	




	

   

    	
Figure AIX.2. Distribution of units of the GRHVP.
	   
  	 
 
Figure AIX.3. Distribution of units of the GRHVP, superimposed on a greyscale aeromagnetic TMI
image (courtesy of Dr Peter Milligan, GA).
   	

    	
Figure AIX.4. Distribution of units of the GRHVP, superimposed on a gravity image (gravity image cour-
tesy of Dr Nick Direen and Matti Peljo, GA).
	   
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 
Figure AIX.5. Distribution of geochemical samples of the GRHVP, superimposed on the units of the
GRHVP, and geological Domains of the Gawler Craton (after Ferris et al. 2002). Origin of data tabulated
in Table AIX.2
   	

    	
Figure AIX.6. Distribution of neodymium isotope samples of the GRHVP, shown as  , superim-
posed on the units of the GRHVP, and geological Domains of the Gawler Craton (after Ferris et al. 2002).
See AppendixVII for details of neodymium samples.
	   
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 
Figure AIX.7. Dated units of the GRHVP, classified by age interval. Geochronological data are compiled
in Appendix VI.
   	

    	
Figure AIX.8. Distribution of the Roxby, Venus, Jenners & Malbooma Supersuites of the GRHVP. Clas-
sified according to whole-rock geochemical parameters, outlined in Figure AIX.1, discussed in Chapter 7,
and summarised in Table AIX.1.
		   
  	 
 
Figure AIX.9. Averaged   data for units of the GRHVP. Data summarised in Appendix VII.
   	


    	
Figure AIX.10. Categorised Fe* for units of the GRHVP. Calculated as Fe	O

 / Fe	O

 + MgO. Classi-
fication of Frost et al. (2001). Rather than using a numeric categorisation, an estimate of each units’ posi-
tion on Figure AIX.1A was taken. This was done in an attempt to overcome the strong correlation
between Fe* and SiO	.
	   
  	 
 
Figure AIX.11. Categorisation of modified alkali-lime index (MALI - Frost et al. 2001) of unit of the
GRHVP. MALI = Na	O + K	O - CaO. As for Fe* (Figure AIX.11), an estimate was made of each units’
position on Figure AIX.1B.
   	

    	
Figure AIX.12. Categorised molecular aluminium / total alkali for units of the GRHVP. Estimate made
for each unit based on Figure AIX.C.
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 
Figure AIX.13. Categorisation of each unit of the GRHVP according to the Ga/Al vs HFSE classifica-
tion of Eby (1990). Estimate made from Figure AIX.1D.
   
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    	
Figure AIX.14. Categorised sodium content of units of the GRHVP. Categorisation based on Figure
AIX.1E.

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 
Figure AIX.15. Categorised potassium content of units of the GRHVP. Categorisation based on Figure
AIX.1F.
   
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    	
Figure AIX.16. Categorised Rb/Sr ratio of units of the GRHVP. Categorisation based on Figure AIX.1G.

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  	 
 
Figure AIX.17. Categorised K/Rb ratio of units of the GRHVP. Categorisation based on Figure AIX.1H.
   


    	
Figure AIX.18. Categorised Nb content of units of the GRHVP. Categorisation based on a plot of Nb vs
SiO	 (not shown).

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 
Figure AIX.19. Minimum SiO	 for each unit of the GRHVP. Data origin given in Table AIX.2.
   



    	
Figure AIX.20. Maximum SiO	 for each unit of the GRHVP. Data origin given in Table AIX.2.

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 
Figure AIX.21. Average K	O for each unit of the GRHVP. Data origin given in Table AIX.2.
   	
  	 
 
Figure AIX.22. Average Na O for each unit of the GRHVP. Data origin given in Table AIX.2.

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    	
Figure AIX.23. Average k (K/K+Na) for each unit of the GRHVP. Data origin given in Table AIX.2.
   
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 
Figure AIX.24. Average CaO for each unit of the GRHVP. Data origin given in Table AIX.2.

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    	
Figure AIX.25. Average Rb for each unit of the GRHVP. Data origin given in Table AIX.2.
   
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 
Figure AIX.26. Average Ba for each unit of the GRHVP. Data origin given in Table AIX.2.

   

    	
Figure AIX.27. Average Sr for each unit of the GRHVP. Data origin given in Table AIX.2.
   
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 
Figure AIX.28. Average Rb/Sr for each unit of the GRHVP. Data origin given in Table AIX.2.

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    	
Figure AIX.29. Maximum Rb/Sr for each unit of the GRHVP. Data origin given in Table AIX.2.
   
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 
Figure AIX.30. Minimum K/Rb for each unit of the GRHVP. Data origin given in Table AIX.2.

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    	
Figure AIX.31. Maximum K/Rb for each unit of the GRHVP. Data origin given in Table AIX.2.
   
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 
Figure AIX.32. Average U for each unit of the GRHVP. Data origin given in Table AIX.2.
	   

    	
Figure AIX.33. Average Th for each unit of the GRHVP. Data origin given in Table AIX.2.
   	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 
Figure AIX.34. Average Zr for each unit of the GRHVP. Data origin given in Table AIX.2.
	   

    	
Figure AIX.35. Average Nb for each unit of the GRHVP. Data origin given in Table AIX.2.
   	
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 
Figure AIX.36. Average HFSE (Zr+Nb+Ce+Y) for each unit of the GRHVP. Data origin given in Table
AIX.2.
	   

    	
Figure AIX.37. Average Ga/Al for each unit of the GRHVP. Data origin given in Table AIX.2.
   

    	
Figure AIX.38. Calculated T°C (Miller et al. 2003) for each geochemical sample of the GRHVP. Data
origin given in Table AIX.2.
   		
  	 
 
Figure AIX.39. Average T °C (Miller et al. 2003) for each unit of the GRHVP. Data origin given in
Table AIX.2.
   


    	
Figure AIX.40.   calculated at the time of emplacement or deposition of all geological units including
the GRHVP. Data in Appendix VII.
   
  	 
 
Figure AIX.41.   calculated at 1580Ma of all geological units including the GRHVP. Data in Appendix
VII.
Table AIX.2 (overpage). Source and summary of geochemical data of all units of the GRHVP.
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Creaser, R.A.: Creaser 1989
Giles, C.W.: Giles 1980
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S. Allen, N. Morrow, C. Simpson: Allen et al. 2003
Stewart, K.P., K. Stewart: Stewart 1994
Wurst: Wurst 1994
Primary Industry & Resources South Australia (PIRSA) database: regional mapping programmes
Blissett, A.H., Branch, C.D., Cowley, W.M., Flint, R.B., Horn, C.M., McDonald, J., MESA
database, Parker, A.J., Robertson, R.S., Thomson, B.P.
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